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 ABSTRACT 
This dissertation embraces the development and the realization of a 1-MW Multi-Physics 
Power Hardware in the Loop setup for the testing of wind energy converter nacelles at 
RWTH Aachen University. Moreover, results from the commissioning and the first test 
phase of the installation are depicted. The background of wind energy in general, the 
current conditions of legislative regulations, and the state of the art technologies in use for 
wind energy converters are included in this research study. In addition, the change of the 
electrical power grid due to the increasing share of renewable power generation is 
illustrated and suggestions which currently are discussed for addressing the resulting 
problems in grid operation are presented. 
This study characterizes the advantages and technical aspects of Hardware in the Loop 
investigation with focus on Multi-Physics Power Hardware in the Loop. Furthermore, its 
use for the certification and testing of wind turbine nacelles with emphasis on test-bench-
based examination of nacelles is delineated. Examples of interfaces for power-level 
Hardware in the Loop testing are given. Firstly, a flexible interface solution for the testing 
of components at household power levels is introduced that has been developed at the 
Institute ACS. Secondly, the challenges of power-level interfaces for high power test 
benches are depicted. 
Moreover, the 1-MW system-level nacelle test bench is outlined including an exposition of 
the involved technologies regarding the electrical as well as the mechanical and signal-
level domain. The test bench setup is compared to other ground-level wind turbine testing 
installations and the characteristics of the different approaches are evaluated. An 
experimental verification of the test bench completes the description of the setup. The 
results are analyzed and discussed. Based on the outcomes of this dissertation the method 
of investigating nacelles of wind energy converters on system-level test benches has been 
proven advantageous. In particular, the use of power-converter-based voltage breakdown 
generation in combination with the realization of a multi-physics power-level Hardware in 
the Loop setup yields superior outcomes. It is demonstrated that investigations on the 
implemented test bench are deterministic, repeatable, time-invariant, and high-load 
capable.  

 KURZFASSUNG 
Die vorliegende Dissertation beschreibt die Entwicklung und den Aufbau eines 1-MW 
Multi-Physics Power Hardware in the Loop-Prüfstands zur Untersuchung von 
Windenergieanlangen-Gondeln, der an der RWTH Aachen realisiert wurde. Neben der 
Dokumentation des Aufbaus werden die Ergebnisse der Inbetriebnahme und der ersten 
Test-Phase aufgezeigt. Als Basis dieser Arbeit werden Grundlagen der Windenergie, 
geltende gesetzlichen Rahmenbedingungen, sowie aktuell relevante Technologien 
dargelegt, die in Windenergieanlagen zum Einsatz kommen. Außerdem wird der Wandel 
des elektrischen Netzes besprochen, der mit einem steigenden Anteil erneuerbarer 
Energiequellen einhergeht. Zu den daraus resultierende Problematiken werden darüber 
hinaus aktuell diskutierte Lösungsvorschläge aufgezeigt. 
Diese Arbeit beschäftigt sich mit den technischen Eigenschaften und den Vorteilen von 
Hardware in the Loop-Untersuchungen und legt den Schwerpunkt auf Multi-Physics 
Power Hardware in the Loop-Simulationen. Es werden die Zertifizierung sowie das 
Testen von Windenergieanlagen mit dem Fokus auf prüfstandsbasierte Gondel-
Untersuchungen behandelt. Dazugehörige Schnittstellenlösungen werden beispielhaft 
dargelegt. Zum einen ist dies eine am Institut ACS entwickelte Schnittstelle zum Testen 
von elektrischen Betriebsmitteln im Haushalts-Leistungsbereich. Zum anderen werden die 
Problematiken dieser Schnittstellen für hohe Leistungen erörtert. 
Der 1-MW Prüfstand dient als Grundlage zur Beschreibung der in dieser Dissertation 
eingeführten Methoden sowie der Schilderung der am Aufbau umgesetzten elektrischen, 
mechanischen und Signal-Level Bereiche. Die Eigenschaften des vorliegenden Prüfstands 
werden bewertet und mit anderen ähnlichen Prüfständen verglichen. Eine experimentelle 
Verifizierung rundet die Dokumentierung des Prüfstands ab, um anschließend dessen 
resultierendes Verhalten zu analysieren. Die Ergebnisse der Dissertation dienen als Basis 
zur methodisch fundierten Untersuchung von Windenergieanlagen-Gondeln auf System-
Prüfstanden. Insbesondere die umrichterbasierte Erzeugung von Spannungseinbrüchen in 
Kombination mit einem Multi-Physics Power Hardware in the Loop-Prüfstand zeigen die 
Vorteile der Vorgehensweise. Es wurde belegt, dass Tests auf dem umgesetzten Prüfstand 
deterministisch, wiederholbar, zeit-invariant und hochlastfähig sind.  
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 1 INTRODUCTION TO THE 
DISSERTATION 
In the long run, renewable energy generation is a precondition for mankind to ensure a 
sustainable way of living and a well-balanced management of the resources on earth. 
Therefore, it does not come as any surprise that over the past decades renewable energy 
generation has drawn more and more attention and is omnipresent in public discussions. 
Electric energy from renewables – as the pioneer of sustainable energy management – 
already has always played a significant role in the power generation portfolio. 
1.1 Background 
Lower costs of energy – which in general not fully is a correct statement – in most 
argumentations constitute one of the main advantages attributed to conventional electric 
energy generation based on coal, oil, gas, and nuclear power plants. Moreover, reliability 
and usability are often regarded as main shortcomings of renewable power generation. 
Today’s scope of research in the area of renewables therefore has to focus on the aspects 
just mentioned. 
Germany is one of the countries that highly support renewables both in research and 
dissemination. As a main focus, costs of energy shall be reduced due to higher market 
shares and research that improves the technologies involved. Regulations for the power 
grid and overarching road maps for the structuring of the power grid are supposed to 
improve reliability and usability. 
Wind energy currently is the most successful renewable electrical power source worldwide 
as it has the lowest cost of energy among the novel renewable electric power sources – in 
contrast to conventional renewable sources such as hydropower stations – and the highest 
share in the overall renewable energy production in Germany, Europe as well as 
worldwide [27]. However, wind energy was the first source of renewable energy that has 
brought up problems to the electric power grid regarding stability in areas where a high 
penetration of wind energy is present implying volatility in generation. Grid codes have 
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been modified to clarify the role of Wind Energy Converters (WEC) within the grid and 
address the upcoming problems. 
It is expected that wind energy will remain a dominating source of electrical power 
generation from renewables for the upcoming decades. Moreover, wind energy currently is 
the most interesting renewable power source because it has the largest impact on the 
overall behavior of the electric power grid in comparison to all other renewable power 
sources. 
1.2 Motivation 
In the past, testing of WECs has been based on individual component testing and testing of 
the fully erected wind turbine in the field. The experiences gained from the large roll-out 
of WECs in the last decades have shown a host of failures regarding components like 
gearboxes and power electronics that were not discovered in individual component testing. 
Thus, testing of WECs has to be changed in a way that allows for finding out failures that 
occur due to interactions of the individual components. In support of this line of thought, a 
worldwide trend can be seen in erecting ground-level test benches for WECs. Because the 
complexity of such ground-level test benches is largely reduced if the test benches do not 
include rotor and tower of WECs tests are split up into nacelle, rotor and tower testing. 
This approach highly correlates with the type of interactions between components leading 
to faults which are either nacelle related or related to the building structure (tower / rotor). 
Structural testing is already quite established in the design process of WEC whereas 
nacelle testing is a fairly new approach. The upcoming worldwide erection of nacelle test 
benches mirrors the interest of research and industry in the field of nacelle testing 
(e.g. [119], [128]). A further motivation for nacelle testing arises from the latest demands 
which are stated in grid codes. A certification which complies with such grid codes 
nowadays is done through in-field testing. Since such a type of testing highly depends on 
the weather situation at the given in-field setup it is rather time consuming and costly. 
As outcome of the planning phase for the construction of a nacelle test bench setup at 
RWTH Aachen University the construction of a Multi-Physics Power Hardware in the 
Loop (PHIL) test bench was chosen. This approach allows for a realistic behavior of the 
test bench at the interface connections of the nacelle, both mechanically and electrically. 
The two stage test bench setup – stage one being a 1-MW setup and stage two being a 4-
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MW setup – offers the possibility to prove the advantages of the Multi-Physics PHIL 
approach. 
This dissertation describes the development process and the challenges of the 1-MW 
Multi-Physics PHIL setup and analyzes the behavior of its realization. Thus, this research 
work constitutes and summarizes an innovative approach for the design and construction 
of a Multi-Physics PHIL test bench aiming at the investigation of wind turbine nacelles. It 
is the first of its kind worldwide. There have not been any other test benches – that are 
known to the author or were found in literature – which are able to operate a fully 
equipped nacelle of a WEC with its original controller by realizing a true Multi-Physics 
PHIL testing environment. This dissertation aims at documenting the engineering aspects 
of such a test setup and emphasizing its unique characteristics. 
The focus of this research work is laid on the electrical aspects of the test setup. Even 
though a holistic introduction to all involved physical domains is given, the level of detail 
regarding the description of the conducted work is significantly higher for the electrical 
domain. 
1.3 Outline 
Chapter 2 introduces the dissertation’s background by presenting the operation conditions 
for renewable energy sources. The role of renewables – as well as the challenges that arise 
with their increased share in the overall power production – is addressed. 
Chapter 3 gives an overview of the technological framework of wind energy with its 
inherent characteristics. Moreover, it discusses the relevance of wind energy for renewable 
energy generation in general and particularly takes up the reliability of wind turbines. 
Chapter 4 explains the approach of Hardware in the Loop and highlights the benefits 
from using this approach for the engineering processes in wind energy. The novelty of 
Multi-Physics Power Hardware in the Loop is discussed while stating its advantages. 
Chapter 5 describes the legal framework regarding the operation of wind turbines 
worldwide with a focus on Germany. Relevant standards and guidelines applicable to the 
certification and testing of Wind Energy Converters are introduced. 
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Chapter 6 focusses on the challenges and the engineering aspects of grid emulators for 
Power Hardware in the Loop testing. A medium power and a high power setup serve as an 
example to illustrate the design of grid emulators. 
Chapter 7 introduces the 1-MW system-level nacelle test bench at RWTH Aachen 
University. On one hand it gives a documentation concerning the test bench hardware 
itself with its involved interfaces for the different physical domains. On the other hand the 
nacelle which is tested – the Device Under Test – is introduced. 
Chapter 8 summarizes the experimental verification of the test bench setup with the 
results that were obtained during the commissioning of the test bench. The investigations 
that are shown state the capabilities of the test bench setup. 
Chapter 9 and Chapter 10 discuss and conclude the insights gained and summarize the 
dissertation’s main outcomes. An outlook to possible future work is given providing a 
roadmap for a continuation of research on system-level testing in the context of wind 
energy. 
 
 2 THE CHANGE IN ELECTRICAL 
POWER GENERATION 
In recent times many economically well-developed countries have an ongoing discussion 
on how to reduce the negative impact of humanity to the environment by an increased 
sustainability. Industrial nations are still based on the exploitation of natural resources 
which are partly used for power generation. Heating, cooling, transportation and electrical 
power compose the largest share of demand for primary resources. Even though 
renewables and sustainability seems to be solely affiliated to electrical power generation 
both topics are equally important for all energy domains. This is especially true since an 
optimization of the entire energy sector is able to benefit from large synergy factors 
stabilizing the overall system. The challenge of moving towards a sustainable power 
generation is often referred to as Energiewende – a change in paradigm of the way 
societies use the natural environment. 
2.1 The Role of Renewables 
The discussion regarding sustainability revolves around renewable electrical power 
generation. This research field is characterized by conducting pioneer work with respect to 
renewable energy generation in general. Additionally, the electrical power grid is 
characterized by high dynamics and more prone to unstable behavior than any other 
energy grid. Therefore, the electrical grid has the highest necessity for tackling challenges 
concerning the inclusion of renewables. Right from the start of electrical power generation 
renewables have been relevant as hydro power generation is well established since the 
beginning of electrical power plants. 
Hydro power was always economically profitable and fairly predictable because the 
weather conditions have a much smaller influence on the power yield compared to other 
renewable power sources like wind energy and Photovoltaic (PV). However, hydro power 
has a limited expandability due to its strong dependence on topological conditions. There 
are countries that can easily cover their entire electrical power consumption by means of 
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hydro power. In general, topology restricts hydro power – e.g. in Germany the share is 
limited to approximately 15% [27] with little potential to increase in the future. 
 
Figure 2.1:  State of the art WEC at a power in the MW-range [by: M. Cupelli, ACS] 
During the last decades there was a growth in alternative renewable power plants 
especially wind energy and PV. The steep increase in installed power and technology 
advancements was largely supported by laws that guaranteed the possibility for feed-in in 
combination with a minimum compensation for the injected power into the electricity grid. 
The relevant regulations started in Germany with the Stromeinspeisegesetz (1991) and 
even locally with the Aachener Modell (1995) leading to the Erneuerbare-Energien-
Gesetz (2000) [80]. This legislation has been an inspiration for many countries with large 
success in European countries. 
The laws supported the technological development – mainly of smaller power plants – 
notwithstanding the failure of the demonstrator project for WECs at high power-levels 
GROWIAN [104]. The regulations led to significant decrease in costs of energy and 
technological advancement much beyond the originally intended setup of GROWIAN. 
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Figure 2.1 depicts state of the art multi-MW-level class WECs. Figure 2.2 shows the 
accumulated installed power of renewables in Germany and the development over the 
years. 
In respect to its generated power wind energy is the primary pillar of renewables today 
(see Table 2.1). Besides PV, it is the technology that has achieved the most technological 
advancements over the last decades. Moreover, WEC have had a much larger rise in the 
average plant power rating in comparison to PV. Hence, the weather situation in Germany 
is much more beneficial for wind energy than for PV. Therefore, the installed capacity of 
wind power has significantly been larger in comparison to PV for decades (both worldwide 
and in Germany). By now, the installed capacities in Germany have leveled out. The 
overall yearly production rate of wind energy in Germany is still significantly higher due 
to the higher equivalent full load hours of wind energy compared to PV [27]. 
 
Figure 2.2:  Accumulated installed peak power of renewables in Germany (based on [27]) 
Secondary pillar of renewables is PV. Even though the degree of efficiency is less 
compared to wind energy, the technology brings inherent advantages such as the lower 
mechanical stress due to a solid-state setup. Therefore, a greater flexibility regarding size 
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and application area is given. PV offers the advantage that the volatility of production is 
reduced partially since diffuse sunlight already suffices for power generation and therefore 
yields a minimum generation during daylight times even if weather conditions are not 
favorable. 
Actually, an ongoing active discussion takes place whether the Energiewende is 
economically feasible and what type of appropriate legislation should be enacted in order 
to promote a successful change. Comparing different countries, the installations of 
renewables show a clear dependency on the existence of laws that support the feed-in of 
renewable power within the country. The fast pace of technological development would 
not have happened without such legal regulations. 
In the meanwhile, costs of energy have decreased to a point where wind energy is far 
below the level of grid parity and PV is roughly at the level of grid parity [56]. This 
defines the point, where a user pays the same in case of purchasing 1 kWh of energy from 
the power grid as well as obtaining it from renewables that he operates himself (in 
average). Thus, a reduction of compensation for the feed-in of renewable power into the 
grid is not only intended by the opponents of legal feed-in regulations but is also motivated 
by the idea to reduce the financial support while renewable power generation gets more 
mature. The laws themselves are made in a way to decrease the compensation while 
technology advances obtaining the economic pressure to implement efficiency enhancing 
technologies. 
 Hydro Wind  Biomass PV Geo-thermal Total 
Installed 
Power (MW) 5,604 31,304 7,557 32,643 12.1 77,120 
Generated 
Energy (GWh) 21,793 50,670 43,550 26,380 25.4 142,418 
Ratio 
(GWh/MW) 3.89 1.62 5.76 0.81 2.1 1.84 
Table 2.1:  Power generation from renewables in Germany in 2012 (based on [27]) 
Table 2.1 gives an overview of the availability of different renewable power sources. 
Apparently, the renewables with the highest installed power have the worst generation 
ratio. This is due to the inherent storage capabilities of the other resources. Hydro 
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normally is combined with a river or water reservoir, biomass stores biogas or bio-waste 
and geothermal uses the thermal capacity of the earth. It has should be noticed that – when 
directly comparing the two freely deployable renewables PV and wind energy – the 
generation ratio of wind energy is twice the generation ratio of PV. Due to the power 
generation and installation distribution characteristics PV introduces high stability issues 
especially in the distribution grids (see [84]). A modelling approach for the future 
development of wind energy in comparison to different projections is given in [105]. 
2.2 Challenges for the Power Grid 
Next to the challenge of generating electrical power from renewables, their optimal 
inclusion into existing power grids is still unsolved as stability and reliability aspects of 
such generation units remain. With the long term goal of a 100 % generation of electrical 
energy from renewables the issue of stability is quite obvious. Nevertheless, small shares 
of renewables can already lead to system instabilities. The critical point when stability 
problems arise strongly depends on the layout of the power grid geographically and 
technically. Germany by now has a share of renewables generation of about 25 % and is 
facing first problems regarding grid operation. The current situation already demands for a 
participation of the installed renewable generation units in supporting the stability of the 
power grid [38]. Several studies address the demands to the power grid [32] and [42]. 
Regarding the aspect of energy generation, the renewable share in energy production 
depends on the installed renewable generation power and their yearly average energy 
yield. As long as there are backup power plants – as it is the case now – the aspect of 
stability is not critical for the power grid. In case of underproduction, the conventional 
power plants can take over the power generation. For a 100 % generation from renewables 
storage systems and Demand Side Management (DSM, see below) have to compensate in 
case of missing energy generation. Those storage systems have to be long term storage 
systems to balance out seasonal energy demands (see [28], [76], and [49]). 
The aspect of power balancing is the main challenge for the power grid. At every instance 
of time generation and load must be equal. If that is not the case primary reserve stabilizes 
the grid by increasing or decreasing the power injection (see [57]). So far, using 
conventional power plants, this task is done by the inertia of the rotating masses of the 
generators which is called primary control / spinning reserve. For longer periods secondary 
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and tertiary control takes over increasing or decreasing the generation power reference of 
the power plants. The frequency of the power grid reflects the state of the power grid. It 
increases / decreases in case of generation surplus / lack. As the share of renewables 
increase they need to take part in spinning reserve to keep the power grid stable. The case 
of 100 % renewable generation obviously is the most critical case as there cannot be any 
conventional power plants in standby to take part in grid stabilization. A study focusing on 
the use of wind power for active power control / spinning reserve is given in [115]. 
Since the power output of renewables depends on outer weather conditions a redundant 
portfolio of generation needs to be built up. That way, the controllability of conventional 
power plants can be compensated. It is important that a renewable-based power generation 
is composed by a diverse setup of different generation sources so that synergy effects and 
redundancy is built up. The diversity can be created on the generation side or on the grid 
side. Regarding generation different sources like wind, PV and hydro should be combined. 
On the grid side a promising approach is to combine different domains of grids. Most 
promising is the interconnection of gas, heat and power grids. This brings inherent 
advantages – above all there is the much larger storage capacity of heat and gas grids. Heat 
grids include the thermal capacity of buildings. Gas grids include storage systems with a 
size able to balance out the grid over months. For example, without any injection into the 
grid the German gas grid can supply the need of Germany for several months and even 
longer during summer (storage capacity: 210 TWh [10], consumption: 909 TWh [144], 
ratio: ~0.23). A connection of the grids can be done where the two grids are coexistent. 
Gas power plants, electrical heating devices or Combined Heat and Power (CHP) devices 
can connect the three grids. If biogas is injected into the gas grid or a renewable fired CHP 
plant is connected to the heat grid this coexistence of the grids is sustainable. 
Power to Gas connects the gas and electricity grid bi-directionally. Surplus electrical 
power can be used to generate hydrogen or methane that can be injected into the gas grid. 
When the generation power of the electrical grid is too low, fuel cells or gas turbines / 
CHPs can increase the power generation [138], [144]. The gas grids in Germany and many 
other countries in Europe are well constructed as they are wide-spread and include large 
storage capacities. These aspects already fulfill important prerequisites that are needed for 
the synergy of the two grids. The challenge of storage then is shifted from the electrical to 
the gas side as gas fired power plants can support the electrical grid. Hence, storage 
capacity is much larger and much cheaper in operation compared to conventional electrical 
storage systems. 
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One additional and quite promising approach to support the inclusion of renewables into 
the power grid is DSM [63], [70]. It optimizes the behavior of the electric load of 
customers to support the stability of the grid. So far, loads are unmanaged and draw power 
from the grid without taking the state of the electricity grid into consideration. DSM 
changes the behavior of passive loads and makes them active by adding communication 
and control to the loads. 
Each load has a well-defined task e.g. for a refrigerator to maintain a temperature, or a 
washing machine to wash clothes. The loads decide about the optimal load behavior in 
regard to time and power. DSM approaches influence the behavior of the load. Power 
demands can be either shifted or the power demand itself can be limited to a reduced 
amplitude for a longer time. Such a behavior can be either realized by decisions of the 
loads themselves or comes as decisions from a centralized command of the grid. 
Especially, the interconnection of physical loads of different physical domains increases 
the benefit of the DSM approach [108]. Heat pumps for example that are used to heat 
buildings can be operated in a way that the point in time for their operation is set to 
periods of surplus power in the electricity grid. The heat capacity of buildings easily 
allows for a certain shift of the heating period. The same is true for the cooling of 
buildings. Moreover, additional heat storage i.e. hot water tanks are much cheaper than an 
equivalent electrochemical storage as part of the power grid. 
The combination of different physical domains therefore increases the stability of the 
individual grids and decreases the cost for storages. This is true for the generation side as 
well as for the load side. The more storage capacity already exists, the less complex and 
expensive it gets to stabilize a renewable based power grid. Intelligent generation systems 
and intelligent loads bring an increased reliability to the electrical power grid. Being able 
to operate such devices requires a good knowledge of the state of operation of the power 
grid. A promising approach is the enhanced placement of advanced metering devices in 
the power grid [95]. A change of the power grid from AC to DC seems to offer advantages 
in operation not only for offshore wind farms (see [74], [106]). In [114] a demonstrator 
project for an MVDC grid is illustrated. Such topologies demand for DC-DC-converters 
for high power applications that are discussed in [136]. 
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2.3 Grid Code Requirements 
Grid operators have noticed that with the success of wind energy and PV the penetration of 
renewables in the power grid has reached shares where problems regarding the safe 
handling and operation of the grid as well as the task of fault clearing may arise. 
Therefore, renewables have to participate in operational duties similarly to conventional 
generators in the power grid. This is the case even though the installed power ratings of 
each individual renewable power plant (and even entire wind farms or PV farms) are of 
smaller scale than conventional central power plants. As a whole the installed power has 
significant shares of the overall installed power within the electricity grid. At the 
beginning of the installations of renewables in the grid those generation units were allowed 
to simply disconnect from the power grid in case of faulty states of the grid and could 
reconnect at a normal state of grid operation again [3] [45]. Next to following a predefined 
fault behavior, it is discussed to include renewables in frequency control [6]. 
 
Figure 2.3:  FRT behavior according to the Transmission Code 2007  (based on [147]) 
This condition changed as the individual power ratings of the renewable sources as well as 
their accumulated installed power significantly grew. In areas of high penetration of 
renewables the grid operators were the first to act by including the renewables into grid 
operation and fault clearing [43]. E.ON Netz, a German Transmission System 
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Operator (TSO), was the first to define the so-called grid codes for renewables that have to 
be fulfilled similar to conventional power sources [40]. Other TSOs followed – in 
Germany as well as in other countries. A large variety of grid codes was defined with 
significant variations. In the meanwhile, an approach to unify the grid code at European 
level is made by the European Network of Transmission System Operators for 
Electricity (ENTSO-E) [125]. 
The main aspect of attention regarding the grid codes is the behavior of the renewable 
generators in case of an under-voltage fault – the Fault Ride Through (FRT) requirements. 
The generator has to stay connected to the grid for a specified time that depends on the 
depth of the voltage drop. Figure 2.3 shows those requirements according to the 
Transmission Code 2007 [147]. The relevant curve of the two that are depicted is chosen 
in dependence of the generator design. 
FRT-conform behavior is often recognized as the essential demand of grid codes because it 
implies the most stress to the hardware of the generator system. A fault close to the 
generator – which leads to a steep voltage drop – may cause short circuit currents that in 
case of a conventional generator system are up to eight times the nominal current. The 
capability of renewable generation systems to inject currents of similar level into the grid 
is important as it prevents the fault from spreading throughout the network. 
Grid code requirements are relevant for transmission and distribution systems (both HV 
and MV). On the LV-side, generation so far has been considered to be uncommon (which 
changes due to the increasing PV installations) and therefore there are not any grid codes 
for generation systems with specific additional demands in case of fault conditions. 
Systems with a generation power below 100 kW are in general not considered in the 
specific requirements but that fact is under discussion and might change even including 
small generation powers in the overall system stability plans. 
 

 3 WIND ENERGY CONVERTERS 
For the last decades, wind energy has been and currently is the most competitive 
renewable power source which does not strongly depend on specific geographical 
conditions (such as hydro power for example). Obviously, there is a strong dependence of 
the power generation on the wind conditions – which itself does correlate with the 
geographic conditions in respect to the average wind speed in a certain area. However, 
WECs are not contingent on other limited natural resource like rivers. Hydro power is the 
earliest well-established renewable electrical power source and by far the most 
competitive. Nevertheless, only countries with special natural conditions like a high share 
of mountains and low population densities have sufficiently large resources for hydro 
power to cover a large share of the overall demand for renewable power generation. Next 
to the economic reasons to utilize wind energy its potential growth worldwide is a 
characteristic that boosts the technology. The potential of renewable electrical power 
generation in Germany is shown in Table 3.1. It depicts the maximum estimated potential 
power production for the different relevant sources of renewable power. 
Power   
Generation 
Generated Energy 
2011 [TWh] 
Potential Yearly 
Energy [TWh] 
Potential Power 
Capacity [GW] 
Hydro Power 17.7 25 5.2 
On-Shore Wind 48.3 175 70 
Off-Shore Wind 0.6 280 70 
Biomass 37.6 60 10 
Photovoltaic 19.3 150 165 
Geothermal Power 0.02 90 15 
Table 3.1:  Potential power generation from renewables in Germany (based on [26]) 
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It can be seen that wind energy already is and regarding its potential will be a dominating 
renewable power source in Germany. The On-Shore wind potential includes a significant 
share of repowering [101]. Off-Shore wind energy as well as geothermal energy is almost 
not used so far. Clearly, hydro power, biomass, and geothermal energy have the highest 
power yield in relation to the installed capacity. However, those technologies are 
significantly limited in potential installation capacity. PV by far has the worst power 
output compared to the installed capacity but has a high installation potential. A detailed 
investigation of the worldwide potential of wind energy is given in [98]. The investigation 
emphasizes that globally wind energy is capable to play a major role in contributing to an 
overall renewable energy generation. 
3.1 Relevance of Wind Energy 
At present, wind energy plays the most significant role in renewable energy production 
throughout Europe. A comparison of the role of wind energy in Germany and Europe is 
shown in Figure 3.1. Looking at the total installed capacity wind energy belongs to the 
major renewable power sources. In combination with hydro power it represents 69.8 % of 
the installed capacity of renewables in Europe. In Germany 80.9% of the installed 
renewable capacity are covered by wind energy and PV. Wind energy is equally important 
regarding the installed renewables in the individual countries as well as their accumulation 
across Europe (see Section A.2). Nevertheless, differences in the individual countries can 
be seen. Hydro Power still plays the dominant role in renewable power production – in 
regard to installation shares across Europe – but has stricter natural topographical limits as 
described above. 
Next to the topographic and climatic location dependency economic aspect of renewable 
power generation is of severe importance. The cost of electricity production in the case of 
Germany has been investigated in [56]. Table 3.2 shows the results for the most common 
renewable power sources as well as conventional power plants. The costs apply for newly 
built power plants that are not in operation yet at the time of the study in 2013. The range 
of costs accounts on one side for the performance of generation in dependence of the 
location in case of renewables as well as for the costs of resources and CO2-certificates in 
case of conventional power plants. It can be seen that the electricity costs from renewables 
has reached grid parity even for comparatively expensive renewables like PV and off-
shore wind energy. The expenditure that a private household pays is normally regarded as 
Wind Energy Converters  17 
relevant reference value as this is the condition where a customer could decide to generate 
the electricity demand himself. Some renewables – like on-shore wind – have by far 
undercut grid parity and are competitive to conventional power plants. 
 
Figure 3.1:  Installed capacity of renewable power in 2011 (based on [27]) 
Characterizing the economic aspects of electrical power generation is a complicated task. 
This is due to complex evaluation process of a Life Cycle Assessment (LCA) for the 
individual power plant technologies. Especially, damages to the environment caused by 
pollution and waste storage as well as decommissioning and risk costs are hard to asses. 
Table 3.2 includes an LCA-Analysis for the listed power plants but does not reliably 
represent long-term pollution effects. The case of nuclear power plants is the most 
complex. Consequential damages are hard to ascertain. Some studies report costs of 
energy larger in a scale of magnitude for nuclear power production. According to [37] the 
economic damage due to nuclear power production including fails and accidents since the 
beginning of the technology adds up to 1 trillion Euro worldwide. 
Wind energy and PV are expected to be the main pillars for renewable power generation in 
Europe. Depending on the local conditions of wind and sun one of the technologies might 
be advantageous. The cost of wind and PV are dropping continuously. Still, the most 
reliable and robust power generation portfolio is a combination of a wide range of 
renewables. Wind energy has been – and with its new options for further increase, 
especially off-shore, for at least the upcoming decades is expected to be – in the leading 
role regarding renewable power generation. 
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Generation 
Type 
Costs 
(Euro / kWh) 
PV 0.078 – 0.142 
Wind On-Shore 0.045 – 0.107 
Wind Off-Shore 0.119 – 0.194 
Biogas 0.135 – 0.215 
Lignite 0.038 – 0.053 
Combined-
Cycle Gas 0.075 – 0.098 
Table 3.2:  Costs of electricity for renewables in Germany (based on [56]) 
The decommissioning of renewables, which is a relevant part for the LCA, continuously 
gains attention. As a significant number of WEC reaches the end of the operational life, 
problems of recycling are investigated based on real use cases. Especially, fiber composite 
materials that are widely used for WEC do not have a well-established recycling 
approach [58]. 
3.2 Technical Overview 
The general concept of WECs has not fundamentally changed since the start of wind 
energy use. As the wind speed increases with height, a rotor is attached to a tower – which 
is usually much higher than the necessary height in comparison to the minimum height 
that prevents the rotor from touching the ground – to increase the wind energy harvest. 
The design of tower and rotor vary but in the case where additional components at the top 
of the tower are necessary usually a nacelle hosts those components. 
Wind turbines have a maximum power coefficient of 𝑐𝑝,𝑚𝑎𝑥 = 0.593 according to the 
Betz’s Law that gives a natural limit in regard to the potential power harvest from the 
given wind situation at the WEC. Its derivation and an introduction to the aerodynamic 
characteristics at the wind turbine is given in Section A.1. 
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3.2.1 Tower 
One of the key characteristics of WECs is the constructional height as wind speed 
increases significantly with height over ground. While in the year 2000 the average height 
of the tower in Germany was around 70 m, it increased to around 110 m in 2012 [5]. A 
clear trend can be seen towards higher power ratings of WECs and increasing tower 
heights. While the power rating of on-shore WECs settles, the rating of off-shore WEC 
continuously rises. 
The tower is based on a foundation that in case of on-shore WEC normally is realized by a 
block of cast-in-place concrete with steel reinforcement. For off-shore setups, foundations 
are more complex and represent one of the critical technological aspects of off-shore wind 
energy. A wide variation of concrete-based foundations, steel-pillar-based foundations, 
and floating foundations are tested and are in the center of research on off-shore WECs. 
    
  Figure 3.2:  Tower types Left: girder tower  [by: Sven Gebhardt, CC-BY-SA-3.0 license] 
 Right: tubular steel tower  [by: M. Cupelli, ACS] 
Both for on-shore as well as off-shore the current technological approach uses steel 
towers. At the beginning of the broad success of wind energy with the start of a steep rise 
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in power rating and tower heights girder towers were quite common. Nowadays, the 
dominant technology is tubular steel poles. In this case the inner area offers shelter from 
the outside weather conditions and in case of large off-shore WECs can host residence 
areas for maintenance personnel. For both on-shore and off-shore WECs the space is used 
for electrical cabinets and control boxes as well as power and control cabling.   Figure 3.2 
shows a girder tower and a tubular steel tower. 
Conventional steel towers reach a limitation regarding heights in case of on-shore WECs 
due to the limitations of on-shore transportation. A steel tower is split up into tower 
segments that are individually transported – mainly on roads – to the point of erection of 
the WEC. The main limitation for the transportation of the individual tower segments 
arises from restrictions for road transportation. The length, diameter and weight of the 
segments of state-of-the-art WECs reach these limits. Logistical aspects are the main 
reason why the average power of on-shore wind installations is between 2.5 MW and 
3 MW [5]. However, a feasibility of significantly larger wind turbine setups has been 
proven (up-scaling to 20 MW: see [48]). 
Sites for erection of towers that do not have road transportation limitations – such as WEC 
at water ways or off-shore wind installations – can have a significant higher average 
installation power. The tower segments then have to be built close to such a water way 
leading to an aggregation of wind power industry at coastal regions. 
One approach to avoid reaching the limits of land transportation is the use of concrete for 
the lower part of a tower. Either cast-in-place concrete similar to the use for the foundation 
builds up the lower part of the tower or prebuilt concrete elements which are segments of 
the tower-circle are used. Another approach to bypass transportation limits is the 
additional segmentation of conventional towers elements. If the tubular design of segments 
is further split-up the diameter of the tubular segments does not exceed transportation 
limits. Such a variation of conventional steel towers is the bolted steel tower. Its sub-
segments are assembled on-site to form tubular segments which then are mounted with a 
crane like conventional towers. 
A similar approach is pursued with Timber Towers. This concept of tower uses sub-
segmentation in combination with wood as material. It offers on one hand the same 
advantages through sub-segmentation like the previous concept. On the other hand it 
provides the potential superiority of the alternative material. A special preparation of the 
wood in combination with a synthetic cover of the tower maintains the proper conditions 
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of the wood segments. It is claimed that by using wood, the total cost for the tower is 
lower, life time is sufficient for the life cycle of a WEC, and that the technology involves 
higher sustainability. 
3.2.2 Blades 
Similar to the size of towers the length of blades is increasing as well. The rotor nowadays 
reaches diameters of 120 m and more. The blades are mostly realized as a sandwich 
structure and use fiber reinforced composite in combination with conductors for handling 
lightning strikes. The design of the rotor has major impact onto the efficiency of the WEC. 
If a drag rotor is used – which is widely used for anemometers – a maximum power 
coefficient 𝑐𝑝,𝑚𝑎𝑥  of about 0.2 can be achieved. The use of a lift rotor – similar to an 
airfoil wing of an airplane – achieves higher efficiencies (above 0.45) and is the de-facto 
standard of current WEC [71]. 
     
  Figure 3.3:  Rotor types Left: Vertical rotor [by: Hannes Grobe, CC-BY-3.0 license]  
 Right: Horizontal rotor [by: Hans Hillewaert, CC-BY-SA-3.0 license] 
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Rotors can either be aligned vertical or horizontal. WECs are then either called Vertical-
Axis Wind Turbine (VAWT) or Horizontal-Axis Wind Turbine (HAWT).   Figure 3.3 shows 
current designs of VAWT and HAWT. HAWT designs are the wide-spread standard solution 
especially for medium and high power WEC. VAWT designs can more often be found in 
case of low power WEC as this technology offers the advantage that there is not any need 
to yaw the rotor into the wind. The main disadvantage is the significantly lower power 
coefficient. 
The rotating blades cause a spinning motion of the air behind the rotor. This reduces the 
possible power output of the WEC. A central aspect of interest in this regard is the tip 
speed ratio 𝜆 since it strongly influences the relation of the energy content of the spinning 
air in relation to energy content of the wind [68]. It is defined as the rotational velocity 𝑢 
of the tip of the blade in relation to the velocity of the wind 𝑣: 
𝜆 = 𝑢
𝑣
= 2 ∙ 𝜋 ∙ 𝑅 ∙ 𝑛
𝑣
 (3.1) 
 
The behavior of the power coefficient 𝑐𝑝  in relation to the tip speed ratio 𝜆 is a 
characteristic feature for the range rotor layouts. A distinctive difference of the behavior 
can be seen in dependence to the number of rotor blades. A two blade concept has the 
highest power coefficient 𝑐𝑝 at a tip speed ratio 𝜆 of about 10 while a three blade concept 
has the highest power coefficient 𝑐𝑝 at a tip speed ratio 𝜆 of about 7 [71]. 
Modern WEC mostly have a three blade rotor design even though the maximum power 
coefficient 𝑐𝑝 is slightly lower compared to two blade designs in combination with a 
higher material demand. The wide use of three blade rotors originates from the fact that 
three blades have a lower torque ripple in comparison with two blade designs. 
Additionally, a three blade design compensates the condition that upward facing blades 
experience higher wind speeds than downward facing blades that are at lower heights. The 
120 °shift of the blades leads to a better load balance at the rotor hub in all rotor 
positions [150]. 
There are two reasons why the rotational velocity of the rotor should be controlled and 
limited in value:  
• The rotor has to be protected from damage due to over-speed 
• An operation at the maximum efficiency is intended 
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Older WECs with lower power ratings have a fixed angle of the blades. A maximum 
rotational velocity is achieved by a designed stall behavior of the rotor blades at high wind 
velocities. Nowadays, nearly all WECs have rotor blades which are pitch controlled. The 
pitch mechanism adjusts the angle of the blades towards the wind. Thus, the optimal angle 
of the blade in dependence of the wind speed and rotor rotational velocity can be set. 
Pitching of rotor blades on one hand is used to limit the maximum speed of the rotor and, 
on the other hand, also offers the advantage to use the rotor as an air-brake by fully 
pitching the blades out of the wind. That capability is used for emergency stopping as well 
as for the fixation of the turbine in case of maintenance. A mechanical brake is used as an 
additional breaking mechanism for rotors in pitch and stall design. 
Pitch mechanisms can be further divided in common pitch mechanisms or individual pitch 
mechanisms for each blade. Individual pitch mechanisms have higher redundancy –
opening up the possibility to omit the mechanical break – and offer the opportunity to 
perform individual pitch control for every blade according to the individual optimal blade 
angle for a further gain of efficiency [83]. Common pitching is usually done with a 
hydraulic actuator, individual pitching is normally done with electric motors. An 
alternative of a mechanical pitch system with a possible reduction in cost is illustrated 
in [62]. 
3.2.3 Nacelle 
The nacelle of a WEC hosts all components that are necessary to transform the rotational 
energy of the rotor into electrical energy which is fed into the power grid. Figure 3.4 
shows the typical components of such a nacelle – in this case a Vestas V52 850 kW 
turbine. This type of WEC is equipped with a gearbox and a high speed generator. The 
drive train is composed of the generator, the coupling and brake, the gearbox, the main 
bearing, and the rotor hub. Generator and gearbox contain additional bearings which are 
not visible in the picture. 
The two main mechanisms to influence the optimal position of the rotor blades regarding 
the wind situation are pitch control and yaw control. The pitch setup is included in the 
nacelle in case of a common pitch mechanism. In case of an individual pitch mechanism 
the pitch setup is housed in the rotor hub. The yaw mechanism is placed at the connection 
of tower and nacelle. Yaw motors that are positioned directly at the bearing in of the 
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nacelle footing turn the nacelle with the rotor. The nacelle can perform multiple 360 ° 
turns to follow the wind until the power cable connections have to be untwisted. The 
turbine controller utilizes the anemometer and wind direction data to operate the yaw 
control as well as the pitch control in a way to optimize the power output of the WEC. 
 
Figure 3.4:  Nacelle mounted onto a system-level test bench 
The drive train of a WEC consists of bearings, couplings, a brake, a generator, and – 
depending on the technology – a gearbox. If a gearbox is used, the couplings on the low 
speed side are stiff – as the torque is high – while on the high speed side the generator is 
connected through a flexible coupling. It often is realized with a non-conducting fiber 
composite material. The brake usually is positioned on low speed side or in the case of 
higher power WEC on high speed side [61]. 
3.2.3.1 Gearbox 
As the rotational speed of rotors of WECs is significantly lower than the electrical 
frequency (about 30 min-1 vs. 3000 min-1 for a 50 Hz system) either a gearbox has to be 
used to adapt the different rotational speeds or the generator speed has to be a low-speed 
generator. 
The latter case is called Direct Drive and increases the reliability of the drive train by 
omitting a gearbox. Even though there is a saving in space and weight that results from the 
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non-existing gearbox, the overall space demand regarding the dimensions and total mass 
of the nacelle increases due to the inverse proportional dependency of generator 
dimensions and operational frequency for the identical reference power case. This effect is 
seen at the Direct Drive with its low rotational speed. An increasing diameter of the 
generator exerts a direct impact on the cross-section of the nacelle leading to the 
characteristic shape of Direct Drive WECs. 
In case of the use of a gearbox, there is still some degree of freedom in the drive train 
layout due to the possibility of various hybrid solutions regarding the gearbox design. The 
use of a high-speed generator with a rotational speed in the same order of magnitude in 
relation to the grid frequency represents the conventional approach for drive trains with a 
gearbox. The use of a mid-speed generator leads to a gearbox of lower complexity with 
less stages. The use of a hydrostatic gearbox or a multi-generator concept gives an 
example for a hybrid solution regarding the drive train layout. 
Table 3.3 gives an overview of gear box conversion ranges that are typical for different 
WEC drive train concept. The conversion ranges significantly vary as the rotational speed 
ranges of wind turbines rotors strongly depend on the power rating and rotor diameter. A 
comparison of different WEC concepts including an economic evaluation is done in [20]. 
Drive Train 
Concept 
Gear Box 
Ratio 
Direct Drive 1 
Mid-Speed 10 – 50 
High-Speed 60 – 150 
Table 3.3:  Typical gear box conversion rations of different WEC drive train concepts 
For all components of the drive train the continuous operation in combination with a high 
number of load cycles implies higher stress on the components in comparison to 
conventional drive train setups. This draws the special attention to the investigation of 
gearbox setups regarding design and reliability. An example for the control of a 
hydrostatic transmission is given in [35]. A MW-scale test setup for this technological 
approach was tested at RWTH Aachen University [133]. 
26  Chapter  3 
3.2.3.2 Generator 
At the beginning of the success of WECs the commonly used generator concept was the 
so-called Danish Concept that stands for the direct electrical connection of the generator to 
the power grid. This approach implies the use of an induction generator since the slip 
frequency of the generator offers a possible derivation between mechanical frequency at 
the high speed shaft of the drive train and the electrical frequency of the grid. The 
technology refers to the least operation range regarding the mechanical frequency of all 
generator concepts that are used because a variation of only a few percent regarding the 
rotational speed of the rotor is possible. Moreover, the power injection fluctuates 
significantly and thus the negative impact regarding the operation of the power grid is 
much worse compared to other concepts. 
A variation of this concept employs an induction generator with slip rings that allows for 
an external connection of resistors in order to alter the operational behavior of the 
induction generator. Thereby, the operational frequency band is widened and the grid 
compliance increases [99]. Induction generators with pole changing windings are another 
alternative technology to expand the frequency range. 
The largest step to enhance the flexibility of a wind turbine’s generator has been achieved 
through the use of power-electronic-based frequency converters for the WEC’s drive train. 
This distinct improvement of performance was demanded by the growing power rating of 
WEC as well as their significant share in the power generation portfolio. Simultaneously, it 
was supported by a significant cheapening of power electronics. Basically, all WEC which 
are built today are equipped with frequency converters. 
 
Figure 3.5:  Converter layout of a DFG 
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This topology allows building two general generator concepts. The Doubly Fed Generator 
(DFG; often misleadingly called ‘Doubly Fed Induction Generator, DFIG’) on one hand 
and the synchronous generators on the other hand. The layout of the DFG concept is 
shown in Figure 3.5 while Figure 3.6 depicts the layout of the synchronous generator 
concept. 
The DFG is equipped with slip rings which are connected to a frequency converter that 
covers a fraction of the total power rating of the WEC [111]. A commonly used power 
rating of the converter is 1 3�  of the WEC’s total generation power. The frequency converter 
injects a current into the rotor of the generator with a frequency equal to the difference 
between the grid frequency and the mechanical frequency of the generator. This allows for 
a significantly larger frequency difference of mechanical frequency and grid frequency 
compared to generator concepts without a frequency converter. 
The frequency of the rotor can be either higher or lower than the grid frequency – in both 
cases the induction machine still operates as a generator. The larger the frequency 
difference is, the more power is transferred via the power converter connected to the 
generator’s rotor. This principle works until the power limit of the converter is reached. 
Thus, a common rating of a DFG is 1 3�  of the power flowing through the converter at 
nominal power output because it allows for a significant increase of operational frequency 
of about 30 %. Depending on the direction of the intended increase the range extension 
can be either symmetrical or unsymmetrical to the nominal speed. A detailed introduction 
to the operation and control principle as well as an approach for the efficiency calculation 
of DFGs is introduced in [8]. 
The second common generator concept that is used in current WECs is the synchronous 
generator. This generator concept is the most dominant concept of conventional power 
plants as it has the highest power density and allows for reactive power generation. Since 
the mechanical frequency of the synchronous generator has to be fixed to the electrical 
frequency of the power grid a stiff coupling of the generator to the grid in case of wind 
turbines is practically impossible due to the necessary flexibility regarding the rotor speed 
range. Therefore, a decoupling of mechanical and electrical frequency is required. Similar 
to the DFG concept this is done with a power-electronics-based frequency converter. In 
this case, the fundamental difference in comparison to the DFG-concept is that the 
frequency converter has to be rated for the full generator power. There are two types of 
synchronous generators which are commonly used in WECs. The Electrically Excited 
Synchronous Generator (EESG) uses slip rings – similar to the DFG – to excite the rotor 
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of the electrical machine. The Permanent Magnet Synchronous Generator (PMSG) 
exploits permanent magnets for the generation of the magnetic field [20], [71]. 
 
Figure 3.6:  Converter layout of a synchronous generator 
Table 3.4 compares the most common generator concepts for WECs. It can be seen that 
any possible choice of a generator concept faces a tradeoff raising an optimization problem 
for the actual implementation. The induction generator as it is employed in the Danish 
Concept is only installed in older WECs. It is the most interesting generator technology 
regarding the cost of investment. Yet, due to the reduced energy yield it is generally not 
used in WECs of the multi-MW-class. Moreover, it does not comply with the grid codes 
that are binding for countries with a significant share of renewable power production. 
The DFG concept used to be the dominant follow-up technology as it considerably extends 
the rotor speed range while restricting expenses and size for the power electronics 
converter system to a share of the total power rating. However, the limited converter rating 
is the major drawback of the technology since fault handling demanded by grid codes 
cannot be provided without significant modifications to the system. Generator concepts 
with a fully rated converter are nowadays predominant as they comply with the grid code 
requirements with very low additional hardware demand. The challenges of fault handling 
arising from grid voltage breakdowns is further explained in Section 5.2.2.3 
The investment expenditures are a critical aspect for the choice of the generator concept. 
Especially, the PMSG which is the most efficient generator concept implies the risk of 
severe raise in investment costs due to its use of neodymium magnets which have 
undergone a significant price increase over the last years. This partially even lead to the 
trend to equip some drive train concepts – that were originally laid out for PMSG – with 
EESG or induction generators in combination with a full converter instead. 
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Generator 
Concepts 
Induction-Generator-Based Synchronous-Generator-Based 
IG DFG EESG PMSG 
Rotor Speed 
Range – o + + 
Converter 
Complexity + o – – 
Power Density o – + + 
Material 
Cost ++ + o – 
Reliability / 
Maintenance + – – o 
Power Quality / 
Grid Services – o + + 
Table 3.4:  Comparison of generator concepts for WECs 
Synchronous generators have the general advantage of higher efficiency. Hence, they have 
a high power density. Generators that are equipped with slip rings (DFG and EESG) 
require a higher maintenance and are characterized by a significant risk of slip ring 
breakdown. The implementation of hybrid generator concepts or less wide-spread concepts 
like reluctance generators or the Brushless Doubly Fed Generator (BDFG) [87], [120] are 
under investigation but not used yet. 
In case of a Direct Drive only synchronous generators are employed. Both EESG and 
PMSG are used. The difference in magnitude of scale relating mechanical frequency of the 
rotor and electrical frequency of the power grid requires a high number of pole pairs even 
if a frequency converter is installed. This leads to a considerable increase in material 
demand and generator size. A further comparison of WEC generators is given in [92]. 
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3.2.4 Controllers 
As state-of-the-art WECs increase the use of advanced mechanisms to optimize the energy 
harvest, the control task of the overall WEC rises simultaneously. The most important 
control aspects among other are [113]: 
• Maximization of the energy harvest according to the present wind speed 
• Operation of the WEC at wind speeds higher than nominal while optimizing the 
energy yield and ensuring the safety of the turbine 
• Compliance with grid codes and power quality requirements 
• Reliable and design-conform operation of WEC 
 
The general WEC controller guarantees the safe operation of the turbine and handles the 
basic states of operation like normal, fault or emergency operation. One approach is to 
split up the controller in a top controller which is situated in the nacelle and a ground 
controller at the base of the tower hosting the interface to manually control the WEC. The 
top controller then takes care of the fast control loops like converter and generator control. 
Figure 3.7 provides an overview of the general control layout that operates a WEC. The 
wind turbine is at a stable point of operation if the power input at the rotor is equal to the 
injected electrical power into the grid (and additionally the losses of the WEC). 
Controlling the optimal power yield in general constitutes to maximize the power demand 
/ power output of the wind turbine unless the state of the power grid limits the possible 
power injection. 
The yaw control is independent and always aligns the nacelle in the direction of the wind. 
This is not the case for the situation of an emergency stop, a manual stop, or maintenance. 
The pitch control adjusts the optimal angle for the highest efficiency of the overall WEC 
contingent to the wind speed and the rotor frequency up to the point where the mechanical 
input power of the WEC has to be restrained. The pitch angle is then limited to the point of 
the maximum allowable power output for the drive train. 
The power control consists of the WEC’s high-level controller that sets the overall state of 
operation in combination with the operational control. The power control coordinates the 
aerodynamic and the electrical domain of the WEC by identifying the optimal point of 
operation regarding the output power. The operational control of the WEC has to guarantee 
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a safe operation of the turbine as starting, pausing, stopping, and emergency handling is 
coordinated. An example approach for the Maximum Power Point Tracking (MPPT) is 
given in [152]. 
 
Figure 3.7:  Control scheme of a WEC 
The converter control regulates the combination of generator and power electronics 
converter. As the dynamics of the electrical system are much faster than the dynamics of 
the mechanical drive train the converter control has to guarantee a stabile operation of the 
WEC. Thus, the controller has to stabilize the mechanical frequency of the drive train 
while maximizing the power output. 
3.3 Reliability of Wind Energy Converters 
WECs demand for technologies that guarantee an operation which is flexible and very 
reliable. The life cycle of multiple decades of operation in combination with the 
continuous run through the full spectrum of output power applies significant stress onto 
the WEC. This is a distinct difference to conventional power plants that are typically run at 
nominal power conditions and do not undergo numerous load cycles. 
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Figure 3.8:  Failure rate and down time of WEC components (data taken from [59]) 
The last decades of experiences from the large roll-out and from various in-field setups of 
WECs show that there still are remaining reliability problems regarding wind turbines. 
Partial breakdowns, down times, or even total losses witness the existence of technological 
problems reducing the durability of WEC. The failures indicate that failures arise under 
real operation circumstances of WECs which do not occur when individual components 
are tested. Therefore, a focus on the entire system of the wind turbine is of interest and 
motivates for system-level testing of WECs as it is done with the test bench described in 
this publication. 
Even though the number of total wind power installations is very high, the data on 
reliability and failure rates of WEC is treated confidential and not made public by 
manufacturers and operators of wind turbines. There are some exceptions of public funded 
surveys. A German public funded study that investigated the reliability of WEC is given 
in [78]. An inquiry with focus on Sweden is analyzed in [122]. As one result the online-
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database Windmonitor [59] has been established that makes various data on WEC publicly 
available. 
Data from this source has been taken as base for Figure 3.8. It shows failure rates and 
down times caused by different components of WECs. The total expected yearly down 
time according to that study is 6.23 days for an average wind turbine. It can be seen that 
the breakdowns are dominated by electrical failures. Yet, the down time itself is 
significantly shorter for such failures than for breakdowns of mechanical components 
(with the exception of the generator). 
Replacing mechanical components of the drive train (as well as of the generator) always 
implies logistic constraints leading to longer down times of such components. The 
possibility of electric breakdowns clearly depends on the generator concept. According 
to [78] the risk of an electrical failure (power electronics, generator, and control) is about 
twice as high if a converter-based generator concept is used in comparison to the Danish 
Concept. As the current grid codes de-facto demand the use of WECs with power 
converters the risk of failure of those converters cannot be avoided but has to be reduced. 
In general, the more flexible and advanced the WEC technology is, the more the failure 
rate increases. Moreover, the study shows that failure rates increase depending on wind 
speed and most significant for the electrical system with a factor of 3-4 over the entire 
operational wind speed range. 
Figure 3.9 categorizes the expected failure down times into three groups: Constructional as 
well as auxiliary parts, mechanical parts, and electrical parts. More than ¾ of the expected 
failure down time arises from a mechanical or an electrical breakdown in the drive train. 
This emphasizes how important a well-designed and reliable drive train is and justifies the 
worldwide trend for system-level WEC test benches. Taking a closer look to drive train 
failures shows that the expected yearly down time of the electrical components is about ¼ 
higher than for the mechanical components. 
As WECs increase in size, the maintenance procedures change to reflect that the 
replacement of components gets more complex and down times of WEC are strongly 
economically relevant. Condition-based monitoring instead of corrective maintenance or 
planned maintenance is an approach that should reflect those operational conditions. In 
order to be able to judge the state of a WEC and its individual components Condition 
Monitoring Systems (CMS) are used. 
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Figure 3.9:  Gouping of down time origins (data taken from [59]) 
A comparison of different maintenance and CMS approaches as well as an overview of 
research projects in that direction is given in [69]. A focus of CMS for the mechanical 
drive train is described in [89] while [137] looks at CMS for the electrical part of the drive 
train. 
 
 4 HARDWARE IN THE LOOP 
The idea of Hardware in the Loop (HIL) testing comprises a combined process of 
simulation and hardware testing. Parts of the system which is to be investigated are 
represented by models in a simulation environment and parts of the system exist in real 
hardware. The interfaces between simulation and hardware need to be well-defined 
guaranteeing that both domains match with each other. Thus, the simulation has to run in 
real-time enabling that system states – as output of the simulation – are exchanged with the 
hardware that is tested on time [100]. HIL offers the great opportunity to test the examined 
hardware in a wide range of critical operational and fault situations, which can hardly be 
tested in an entirely real system setup. Especially, the possibility to avoid the endangering 
of the real testing environment – that could occur when fault states that involve the entire 
hardware setup are tested – reveals one main advantage of HIL testing. The simulated 
environment can be easily brought in any desired faulty or operational condition without 
additional hardware effort. Next to this possible enhanced testing, the reduced time and 
cost of a HIL investigation compared to a real setup is another main advantage. 
Often, real time capability demands for special and dedicated computational hardware. 
Interfaces that are connected to the simulation hardware of the HIL setup imitate the real 
environment. Therefore, the Device Under Test (DUT) acts as being in a real environment 
as it is not able to distinguish the interfaces of the HIL setup from the real environment. 
Depending on the involved physical domains the HIL setup is done at signal-level or 
power-level (see Section 4.1 and Section 4.2). 
HIL has become a major part in the engineering process in a wide range of technical 
areas [2]. Originating from aerospace industry to reduce the complexity of testing setups 
HIL is established in automobile industry by now. Often, lower costs and development 
times are achieved. Regarding electrical engineering in general, HIL is used for control 
design. With respect to electrical power engineering HIL has drawn growing attention 
during the last years but is only partly taking over classical testing setups. Still, a clear 
trend for the application of HIL simulation can be seen. Due to the fast dynamics in the 
electrical domain, HIL testing for electrical engineering implies strong computational 
demands to the platform that simulates the environment of the DUT. This leads to 
customized setups for most HIL investigations. 
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The change in the portfolio of electrical power generation due to the increasing renewable 
share – with its characteristic to be volatile and decentralized – implies the need for 
modifications of the power grid. The increasing complexity of the overall system with a 
largely higher aggregation of inherently unstable structures – like power converter with 
their individual control structures – demands fast investigation procedures for new 
equipment to be connected to the power grid. As full system setups for testing are large 
and expensive, HIL testing offers a good alternative in the engineering process. Moreover, 
tests that would normally endanger a real power system to a point beyond acceptability 
can also be done. In particular, the existing power grid cannot be exploited for a testing 
environment if grid failures are on the list of investigation regarding the DUT. 
4.1 Signal-Level 
Signal-level HIL aims at controller testing. The DUT is connected to the real-time 
simulation using a data interface. The interface has to guarantee the interchange of values 
on time – in the relevant time step. The physical realization of the connection is irrelevant 
as long as the signal data is exchanged correctly. Analog or digital interfaces are both 
possible. Figure 4.1 shows the general setup of signal-level HIL. As the loop between 
hardware and real-time simulator are connected in the loop, a bi-directional 
communication has to be established. 
 
Figure 4.1:  Schematic overview of a signal-level HIL-setup (based on [90]) 
Signal-level HIL often implies high hardware demands due to its common use of testing of 
controller structures. Those usually need to run faster compared to the dynamics of the 
system which is controlled. The speed of data transfer therefore is one of the main 
challenges when designing the interface. Time steps in the range of µs are necessary when 
electrical quantities are simulated and controlled (see Section 4.4). Such a small time step 
may limit interface setups as the travelling time of data on state-of-the-art communication 
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systems like Ethernet [77] (twisted pair or fiber) may already exceed the allowable 
latency. This already is the case for connection lengths in the range of 1 km and time steps 
in the low µs-range. Thus, this fact limits the possibility to interconnect testing setups that 
are not physically located close to each other. 
4.2 Power-Level Hardware in the Loop 
PHIL is the transaction of a HIL setup to power-level. Figure 4.2 illustrates that such a 
setup always implies a signal-level interface and a power-level interface. At the power-
level interface the physical values themselves represent the results from the real-time 
simulation (in contrast to the signal-level interface). Therefore, at the point of connection 
of the DUT conservation of energy has to be ensured. 
The conversion from signal-level to power-level is done with a system emulator. It realizes 
the interface to the power-level with actuators of the relevant physical domain. For 
example in case of an electrical power grid the interface is called grid emulator and is built 
by an amplifier system. A further example is a mechanical interface including motors or 
hydraulic cylinders that realize torques and forces. 
 
Figure 4.2:  Schematic overview of a power-level HIL-setup 
First use of PHIL was made in aerospace industry to increase the reliability of control 
systems. Since straight from the beginning of HIL testing the setups included parts of the 
hydraulic and electrical airplane actuation system, it therefore already represented a PHIL 
setup [100]. Due to the high demands regarding the dynamics of the power-level interface, 
the start of HIL testing in the area of electrical engineering was focused on signal-level. 
First implementations of PHIL in that area were set on electrical drives. An overview of 
PHIL setups with focus on electrical drives is given in [21]. An early low power PHIL 
setup with focus on wind energy with a combination of two real-time simulators is shown 
38  Chapter  4 
in [90]. A further PHIL setup where a low power wind turbine is simulated is described 
in [142]. 
As PHIL setups are more complex regarding the interfaces than HIL setups the interface is 
at the center of design and has to be engineered carefully. A closer look at the realization 
of the interface is given in [66]. An overview of various approaches for PHIL interfaces is 
provided in [151]. In [39], [135] and [139] MW-level test facilities are illustrated that can 
be used for PHIL investigations of electrical drives and power converters. 
4.3 Multi-Physics Power Hardware in the 
Loop 
A further variation of HIL testing is the combination of signal-level HIL testing with 
power-level testing or the combination of multiple power-level HIL setups. The 
combination of multiple power-level HIL setups of different physical domains is called 
Multi-Physics PHIL testing. Figure 4.3 shows the scheme of Multi-Physics PHIL testing. It 
can be seen that two individual PHIL systems are connected to the DUT. Theoretically, 
there is not a limit in number of physical PHIL interfaces. Realistically, two or three ports 
seems to be a practical limit of Multi-Physics PHIL setups as a DUT is unlikely to have 
more physical interfaces. Examples for usual physical domains for PHIL testing are: 
electrical, mechanical, and temperature. 
 
Figure 4.3:  Schematic overview of a multi-physics power-level HIL-setup 
An example of combining an electrical PHIL interface with a thermal PHIL interface to 
build a test bed for home energy applications is described in [107] and [30]. The test bench 
which is described there focuses on an environment capable of testing active loads at 
consumer level to support an intelligent grid that fosters renewable power generation. A 
collection of test benches that investigate the problems arising with renewables is gathered 
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in [109]. Multi-Physics PHIL testing is by far more established at small power levels 
because the realization then is much easier regarding costs and complexity. 
4.4 Real-Time Simulation 
Real-time simulation is inherently connected to HIL simulation. This is due to the fact that 
on the one hand HIL requires real-time and that on the other hand there is not any need for 
a real-time simulator if it is not deployed in a HIL setup. Depending on the domain that is 
simulated and regarding the complexity of the simulation as well as the time step which is 
necessary for a simulation with sufficient accuracy, special hardware might be required. 
Theoretically, any simulator can be used as long as it is capable to solve the simulation of 
the behavior of the modelled system within the duration of one time step. 
An example of a real-time simulator that looks at multi-physics systems is shown in [4]. It 
uses a novel approach to split-up generators according to their own individual multi-
physical model. The simulator system is based on a Digital Signal Processor (DSP) cluster 
setup which consists of processor boards that have a combination of a DSP and a Field 
Programmable Gate Array (FPGA) as well as local memory. A backplane interconnects 
the individual processor boards and additional interface boards which are equipped with 
I/O connections. Backplane and interface boards are equipped with FPGAs for fast 
communication. The processor boards can run models of individual generators or loads 
while the whole setup simulates the overall behavior. An example is the combined 
simulation of WECs themselves as well as the associated wind farm as a whole. Such a 
modeling of a wind turbine generator system is presented in [16]. Through real-time 
simulation PHIL investigations can be done to foster technologies for renewable energy 
generation [110]. 
Real-Time Digital Simulator 
The general work of modelling electromechanical transients with the aid of computers has 
been discussed since the beginning of computer based simulation [36]. Before the 
availability of digital simulators for power system analogue simulators have been used. 
Those simulators were a scaled down version of the real physical components of a power 
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grid. Based on this approach, special algorithms and hardware was designed to make the 
approach real-time capable [85] [103]. 
The wide distribution of power electronics and the intention to inquire grid dynamics lead 
to the need for modeling transients in a power system. Due to the characteristics local 
power system’s given layout the HVDC Research Centre in Canada developed a special 
hardware system for the application in real-time transient simulation of power grids: Real-
Time Digital Simulator (RTDS) [88]. RTDS is a wide-spread solution for the real-time 
simulation of transients in power systems as it offers a powerful combination of dedicated 
hardware and a broad model library. RTDS simulates the behavior of the power system and 
its controls at either 2 µs or 50 µs. Examples for the employment of RTDS in PHIL setups 
are given in [140]. 
 
Figure 4.4:  RTDS setup at the Institute ACS 
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At the Institute ACS there is an eight rack setup of RTDS that is used to model 
transmission and distribution grids. Figure 4.4 depicts the RTDS installation which is part 
of the simulation laboratory setup [13]. A combination of simulation and power electronic 
converter setups is employed to realize HIL and PHIL investigations. In [116] another 
PHIL example of an RTDS setup for the investigation of future power grids is illustrated. 
OPAL-RT is an alternative real-time hardware for the use of simulating the electrical 
power grid in the context of wind energy systems [93]. 
dSPACE 
In the area of mechanical engineering dSPACE is a well-established real-time simulation 
platform because it offers a comfortable rapid prototyping environment. This is especially 
true due to the code-generation capability of the platform which is directly done out of 
Matlab/Simulink. This approach leads to a flexible platform where code or control 
structures that are in a development stage can quickly be tested in a HIL setup or a PHIL 
setup. dSPACE is largely used in aerospace and automotive industry. The areas of 
application have physical domains that can be modelled with time steps much larger than 
the time steps that are necessary for the transient simulation of power systems. 
An example for the implementation of a dSPACE system providing a real-time simulation 
of a WEC’s rotor behavior is given in [81]. The test setup comprises the 1-MW nacelle test 
bench that is described in this dissertation. The dSPACE system is deployed for the real-
time simulation of the wind-field and mechanical behavior of the drive train as well as the 
emulation of the operational sensor interfaces for the nacelle itself (see Section 7.1.2 and 
Section 7.1.3). In [22] the implementation of the control structure of a WEC in a dSPACE 
platform for the employment in a scaled down low power PHIL setup is shown. A 
combination of the simulation of wind field and generator control for a scaled-down PHIL 
setup is given in [112]. 
The dSPACE system supports time-steps in the range of hundreds of microseconds while 
RTDS can support time-steps down to 2 µs. In dSPACE the time-step highly depends on 
the complexity of the modelled system. A similar limitation is valid regarding RTDS but 
its hardware can be modularly extended to support larger systems with a remaining small 
time-step. 
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4.5 Interface Stability 
The limits of performance regarding the HIL interface can possibly endanger a stable 
operation of a HIL setup at the point of coupling. In case of power-level HIL setups, a 
stable operation of the setup is even more critical than for signal-level HIL setups due to 
the conservation of energy at the Point of Common Coupling (PCC). Unstable operation 
results in physical stress on the interface emulator and DUT. The case of PHIL setups for 
electrical testing at high power level especially leads to challenges for the interface setup 
due to the inherent stress of high power levels. This results from the demand for stability 
in the presence of small time-steps and high loads. 
Any HIL interface inherently introduces stability issues because it has technological limits. 
The relevant limits are [9]: 
• Latency and Delay 
• Quantization 
• Saturation 
• Dynamic Behavior and Accuracy 
 
Generally, the performance regarding the dynamics of the interface has to be significantly 
higher than the dynamics of the DUT system that is connected to the interface. This leads 
to practical problems for the realization of a HIL interface. For example, a power 
electronics converter system is often utilized to form a controlled voltage source at an 
interface for electrical PHIL testing or the converter system forms an electric load that 
constitutes the DUT. In such a case, two systems might be connected that have the same 
dynamics of the transient behavior. This results from a possible similar performance of the 
semiconductor devices in combination with the control architecture which is used. The 
stability of PHIL interfaces is further discussed in [9] and [121]. An approach for the 
realization of a flexible converter controller that could be used as interface is given in [25]. 
An additional critical point is the modelling of the physical system. An overview of 
different modelling approaches for power grids is given in [15]. For real-time simulation 
the modelling approach needs to realize a detailed mapping of the transient behavior of the 
power system components while being optimized for a fast solving. Moreover, a key 
technique for real-time simulation consists in the splitting of the overall model into sub-
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models that can be individually solved on parallel hardware structures to ensure an 
optimized performance of the solver regarding time. 
Interface Concepts for Electrical Power Hardware in the 
Loop Testing 
The two fundamental states variables which are relevant for the behavior of electrical 
systems are voltage and current. An electrical PHIL interface therefore can be made 
available in two ways. The first option is to map a simulated voltage behavior while the 
second alternative maps the simulated current behavior. 
Thus, there generally are two possibilities to realize the interface between DUT and real-
time simulation. A stable system always implies a combination of a controlled voltage 
source with a current measurement feedback or, alternatively, a controlled current source 
with a voltage measurement feedback at the interface. 
One standard example for the use of a controlled voltage source as PHIL interface is the 
modelling of the electrical power grid in the simulation domain of the PHIL setup. In the 
simulation the voltage is measured at the terminals of coupling and is fed as reference 
value to the controlled voltage source. A model of a current source is connected for the 
interface terminals in the simulation. The source is controlled by current measurements at 
the DUT (see Figure 4.5). 
 
Figure 4.5:  Electrical PHIL interface as controlled voltage source (based on [9]) 
One common example for the use of a controlled current source as PHIL interface is the 
modelling of an electrical drive in the simulation domain. In the simulation the current 
flowing into the terminals of coupling is measured is fed as reference value for the 
controlled current source. A model of a voltage source is connected to the interface 
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terminals in the simulation. The source is controlled by voltage measurements at the DUT 
(see Figure 4.6). 
 
Figure 4.6:  Electrical PHIL interface as controlled current source (based on [9]) 
In both cases the controlled source at the interface that feeds the DUT is called grid 
emulator as it is a physical emulation of the simulated electrical power grid. The model of 
the source in the simulation that is fed by the measurements at the DUT behaves like a 
controlled load. The measurements at the DUT represent the reaction of the DUT to the 
behavior of the modelled grid and are then fed back to the simulation. Therefore, there is a 
minimum of delay equal to one time-step between simulation and feedback. This implies 
the danger of system instability if the time-step is too large in relation to the possible 
dynamics of the DUT and the modelled system. Simulation and DUT are decoupled in 
regard to time which possibly can lead to system instabilities. Moreover, even if no 
instability occurs a delay which is too large can prevent a realistic representation of the 
behavior of the DUT in the simulation environment. 
4.6 System-level Test-Bench Wind 
Energy Converters 
The context of this dissertation with its system-level nacelle test bench for WECs 
represents a large Multi-Physics PHIL setup. The configuration at RWTH Aachen 
University belongs to a group of nacelle test benches with the majority still being under 
construction. Most of the test benches are located in a public research-oriented 
environment. Table 4.1 gives an overview of the nacelle test bench situation worldwide. It 
can be clearly seen that there is a broad variety in the capabilities of the individual setups.  
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PHIL testing of WECs can be divided into two physical domains. One is the application of 
forces and moments to the rotor hub representing the mechanical testing and the other is 
the electrical connection at the generator terminals (PCC) representing the electrical 
testing. Due to the significantly different characteristics of the involved physical quantities 
and especially their dynamics both domains and the corresponding simulations are 
normally fully decoupled. 
Figure 4.7 shows the structure of a PHIL setup for the two separate physical domains for 
mechanical and electrical testing. It can be seen that next to the two PHIL interfaces an 
additional HIL interface is connected to the DUT. The depicted scheme represents the 
layout of the test bench at RWTH Aachen University. A detailed description of the 
hardware and simulation setup is given in Chapter 7. 
 
Figure 4.7:  Schematic overview of the Multi-Physics PHIL test bench for WEC nacelles 
In Table 4.1 nacelle test benches are compared regarding the relevant main design aspects. 
Because detailed information for some test benches is lacking the depicted table 
summarizes the characteristics of the individual test benches as extensive as possible. 
However, most test benches still are under construction and partially change their 
characteristics during the build-up phase. Therefore, the comparison provides a snapshot 
comparing the different nacelle test benches. 
Next to the category “Location” which specifies where the test bench is situated, the 
mechanical as well as electrical interfaces of the test benches are opposed. The aspect 
“Realistic Wind-Loads” characterizes true simulation of the wind field and aerodynamics 
at the rotor blades in dependency of the operational state of the WEC. If the category 
“Direct Drive” applies the motor at the rotor hub implies less backlash in the drive train 
and a higher dynamic in torque. The aspect “6 DOF Mech. Load” states if an emulation of 
all Degrees of Freedom (DOF) which apply at a rotor hub at an in-field setup is given at 
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the test bench. The category “Zero Backlash” prevails if the Load Application System 
(LAS) shows backlash in the zero-crossing of load application. 
The property “Realistic Grid-Loads” states if the test benches employs a modelling of the 
electric power grid instead of a stiff pre-calculated behavior of the grid that does not allow 
mapping the feedback influence of the DUT. The category “FRT Capability” indicates the 
ability of the test setup to apply voltage breakdowns to the PCC of the nacelle conform to 
grid codes. Stress tests of the DUT beyond the rated power can be performed if the setup 
supports the aspect “Overload Capability”. 
 Test Bench Operator 
 Narec Clem-son NREL LORC Cener RWTH IWES Vestas 
Location GBR USA USA DEN ESP GER GER DEN 
Realistic 
Wind-
Loads 
yes no no yes no yes no yes 
Direct 
Drive yes no no yes no yes yes yes 
6 DOF 
Mech. 
Load 
yes yes no yes yes yes no yes 
Zero 
Backlash yes yes no yes no yes no yes 
Realistic 
Grid-
Loads 
no yes no yes yes yes yes no 
FRT 
Capability yes yes no yes yes yes yes no 
Overload 
Capability yes no no no no no no yes 
Nominal 
Power / 
MW 
15 15 5 10 8 4 10 18 
Full 
Operation no no yes no no no no no 
Table 4.1:  Overview of nacelle test benches worldwide 
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The table shows that only one test bench setup is fully operational for now. Regarding the 
nominal power level two trends can be observed. One aggregation of power levels is 
around 5 MW, a second one is around and above 10 MW. This trend can be recognized 
even clearer if the two additional test benches at Narec and Clemson are considered that 
both fit in the 5 MW class and are not represented in the table. The class around 5 MW is 
focused on on-shore WECs whereas the class around 10 MW and above is dedicated to do 
research for off-shore WECs. On-Shore wind power is expected to be limited in power to 
around 4 MW because of the limitations in context to the construction of on-shore WEC 
(see Section 3.2.1). 
An early approach to WEC testing in a PHIL setup is described in [91]. The test setup is 
located at the Center for Advanced Power Systems (CAPS) in Florida, USA which is a 
MW-level PHIL test environment. Even though the described configuration has a power 
rating of only 15 kW the setup realizes an approach of PHIL testing for wind energy. 
 

 5 TESTING OF WIND ENERGY 
CONVERTERS 
A part of the design process for WECs testing is either realized at component level on 
individual test benches or at system-level through testing the fully erected WEC in-field. 
The experience from the large roll-out of WECs in the last years has shown that failures of 
components occur that are not discovered in individual component testing. Yet, there are 
accumulated breakdowns of power electronics and gearboxes (see Section 3.3). Thus, it 
seems that the loads out in the field which WEC in general as well as the individual 
components themselves are exposed to differ from the expected conditions which are 
presupposed in the design phase of wind turbines. A possible improvement includes 
system-level testing on test benches in the engineering process of WECs. Therefore, in the 
last years around the world several system-level test benches have been installed or are 
about to be built (see Table 4.1). 
There are legal regulations defining the framework for the operation of WECs. They 
comprise testing with the purpose to proof standard-conform behavior of wind turbines. 
All legal regulations, guidelines, and standards strive to ensure a reliable and safe 
operation of WEC within the electrical power grid and the public environment. 
5.1 Legal Framework for Sustainable 
Power Generation 
The testing of WEC certifies their operation according to applicable standards and 
regulations. Basically, all wind power generation units are connected to the MV grid (in 
case of individual units or small wind parks) or are connected to the HV grid (in case of 
large on-shore and especially off-shore wind parks). On one hand, wind turbines have to 
comply with the general rules for generation units that depend on the grid level of injection 
(MV or HV regulations). On the other hand, renewable generation units have additional 
specific regulations in numerous countries. An overview of the requirements of various 
countries regarding electrical and constructional aspects is given in [64] and [145]. 
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In Germany, the relevant general grid code for MV generation units is Technische 
Richtlinie – Erzeugungsanlagen am Mittelspannungsnetz / Generating Plants Connected 
to the Medium-Voltage Network [11]. For HV the relevant grid code is Transmission Code 
2007 – Netz- und Systemregeln der deutschen Übertragungsnetzbetreiber / Network and 
System Rules of the German Transmission System Operators [147]. Each network operator 
can further specify the guidelines such as E.ON Netz [40] that has put the first focus on 
FRT demands for WECs. 
For the support of renewable power generation the so-called Gesetz für den Vorrang 
Erneuerbarer Energien (Erneuerbare-Energien-Gesetz – EEG) [50] law regulates the 
compensation for the injection of renewable power into the grid in Germany. In its support 
the Verordnung zu Systemdienstleistungen durch Windenergieanlagen (Systemdienst-
leistungsverordnung – SDLWindV) [51] act specifies the technical details on how WECs 
need to fulfill the renewable power generation law. The act closes the loop to the 
regulations for generation units in the MV an HV network by adapting the requirements for 
WECs regarding special points of operation such as fault behavior and grid support. On a 
European level the European Network of Transmission System Operators for Electricity 
(ENTSO-E) pursues the goal to harmonize the individual national legal frameworks by 
establishing a common grid code. Accordingly, a grid code [46] and an implementation 
guideline [47] have been released. 
5.2 Design Requirements and 
Certification 
With the increase in wind power an international standardization framework regarding 
design requirements for WEC was launched. As a result the International Electrotechnical 
Commission (IEC) realized the standard IEC 61400 that defines several sub-standards for 
the various design domains of WECs. The guideline FGW TR concerning the certification 
of WECs in Germany has been realized by the Fördergesellschaft Windenergie und andere 
Erneuerbare Energien (FGW) and is split up into the relevant physical domains as well. 
The guideline specifies the framework for the verification of a behavior conform to the 
requirements derived from the applicable legal laws and legal acts as well as the relevant 
grid codes and refers to the IEC 61400 standard. 
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The certification of WECs can be divided into the validation of electrical, mechanical, and 
constructional features according to the relevant requirements. This includes on one hand 
operational safety for normal and fault operation and the environment impact on the other 
hand. 
5.2.1 Electrical Certification 
The IEC 61400 standard framework is the most common basis worldwide for WEC 
certification. Coherently, the legal framework for electrical certification in Germany (as 
described in Section 5.1) refers to this framework in combination with the FRW TR 
guidelines. Any erected wind turbine in Germany has to fulfill those requirements unless it 
is in the process of being certified. If an approval is not obtained the WEC must not be 
operated. FRT testing is often referred to as the most relevant test regarding the electrical 
behavior of a WEC. A successful testing states that a wind turbine stays connected to the 
power grid in case of grid faults. Thus, the WEC participates in keeping the grid stable for 
the time of the fault occurrence. Additionally, high currents have to be fed into the grid at 
the location of the fault that help to prevent the fault from spreading throughout the power 
grid. 
5.2.1.1 IEC 61400-21 
The IEC 61400-21 standard [79] is the relevant sub-standard that defines the electrical 
requirements for the operation of the WECs in normal and fault operation as well as the 
grid supporting similar services to conventional power plants. The standard is meant to 
ensure the operation of WECs conform to the requirements of grid codes. It is split up into 
several sections addressing the different demands of power network regulations [41], [72]:  
• Voltage Variations 
• Current Harmonics 
• Voltage Sag Behavior 
• Real Power 
• Reactive Power 
• Network Protection 
• Time of Grid Reconnection 
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The IEC 61400-21 standard specifies the requirements for the aspects listed above and the 
setup for compliance testing. A center of interest is the FRT examination since it implies 
the most stress for a WEC in comparison to all listed electrical requirements. This is true 
for the wind turbine on one hand but also for the testing equipment on the other hand. A 
comparison of possible testing approaches is given in Section 5.2.2. 
The challenge that arises from FRT testing is the high dynamics that accompany the 
associated voltage breakdowns. This implicates fast transients that are opposite in nature to 
steady state conditions that are often presupposed when power systems are investigated. 
The IEC 61400-21 standard specifies how the voltage breakdowns for FRT testing have to 
be measured. 
Figure 5.1 depicts the tolerance of the voltage breakdown that has to be fulfilled by the 
FRT testing setup. It is measured at no load conditions in isolation from the WEC. The 
voltage before and during the breakdown has a tolerance of accuracy of 5 % while the 
tolerance of accuracy after voltage recovery is 10 %. The time span allowed for the 
dynamics of a voltage breakdown and the subsequent recovery is 20 ms. As this represents 
the interval referring to the 50 Hz grid frequency it is fairly long compared to realistic fault 
dynamics. The tolerance therefore permits for the use of circuit breakers in an FRT testing 
equipment that open at the zero-crossing of the current.  
 
Figure 5.1:  Tolerance of the FRT voltage sag according to IEC 61400-21 [72] [79] 
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The investigation of the electrical behavior in case of an FRT event is based on the 
representation of the electrical quantities in symmetrical components. Regarding real 
power and reactive power only the first harmonics of the voltages and currents that appear 
at the PCC are relevant. The justification for this approach is given in Equation (5.2) – 
Equation (5.7) (see [132]). The apparent power 𝑆 in three-phase balanced, symmetrical 
systems is defined as (with the use of RMS line currents and RMS phase to phase 
voltages): 
𝑆 = √3 ∙ 𝐼 ∙ 𝑉 (5.1) 
 
In undistorted systems in dependence of the real power 𝑃 and the reactive power 𝑄 the 
apparent power 𝑆 also equals to: 
𝑆 = �𝑃2 + 𝑄2 (5.2) 
 
In case of harmonics the total apparent power 𝑆 differs from the first harmonic apparent 
power 𝑆1. The distortion power 𝐷 is defined as the difference: 
𝑆1 = �𝑃2+𝑄12 ≠ �𝑃2+𝑄2 = 𝑆 (5.3) 
𝑄 = �𝐷2+𝑄12    ,       𝑆 = �𝑆12 + 𝐷2   
 
The distortion power 𝐷 represents all higher order harmonics and can be further split up: 
𝐷2 = 𝑆2 − 𝑆12 = 𝐷𝑖2 + 𝐷𝑣2 + 𝐷𝑣𝑖2  (5.4) 
𝐷𝑖 = 𝑉1 ∙ 𝐼𝑛   ,    𝐷𝑣 = 𝐼1 ∙ 𝑉𝑛   ,   𝐷12 = 𝐷𝑣2 + 𝐷𝑖2   
 
The current distortion power 𝐷𝑖 is the product of the first voltage harmonic and the higher 
harmonic current total 𝐼𝑛. The voltage distortion power 𝐷𝑣 is the product of the first 
current harmonic and the higher harmonic voltage total 𝑉𝑛. The quadratic mean of both is 
called the first harmonic distortion power 𝐷1. 
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𝐼𝑛 = �� 𝐼𝑚2
𝑚≠1
 (5.5) 
𝑉𝑛 = �� 𝑉𝑚2
𝑚≠1
  
 
For practical measurement reasons the quadratic mean of the harmonics for 𝐼𝑛 and 𝑉𝑛 is 
usually restricted to an order of 40. The higher harmonic apparent power 𝐷𝑣𝑖 can be 
further split up into: 
𝐷𝑣𝑖
2 = 𝑃𝑛2 + 𝑄𝑛2    
𝑃𝑛 =  � 𝑉𝑚 ∙ 𝐼𝑚 ∙
𝑚≠1
cos𝜑𝑚 (5.6) 
𝑄𝑛 =  � 𝑉𝑚 ∙ 𝐼𝑚 ∙
𝑚≠1
sin𝜑𝑚   
 
As a result in combination with the conventional first harmonic real power 𝑃 the higher 
harmonic real power 𝑃𝑛 contributes to the total real power 𝑃𝑡𝑜𝑡𝑎𝑙. Moreover, next to the 
conventional first harmonic reactive power 𝑄1 the first harmonic distortion power 𝐷1 and 
the higher harmonic reactive power 𝑄𝑛 account to the total reactive power 𝑄: 
𝑃𝑡𝑜𝑡𝑎𝑙 = 𝑃 + 𝑃𝑛   (5.7) 
𝑄 = 𝑄1 + 𝐷1 + 𝑄𝑛   
 
In case of the common situation within the public power grid the electrical network can be 
regarded as a voltage source with fairly ideal voltage behavior i.e. consisting mainly of the 
first harmonic voltage 𝑉1. Therefore, the total real power 𝑃𝑡𝑜𝑡𝑎𝑙 can be sufficiently 
estimated with the real power 𝑃. Moreover, the total reactive power 𝑄 can be sufficiently 
estimated with the sum the of first harmonic reactive power 𝑄1 and the current distortion 
power 𝐷𝑖. The current distortion power is 𝐷𝑖 is limited by the current harmonic restriction 
for generation units stated in the grid codes that is measured with the total harmonic 
current distortion THDi: 
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𝑇𝐻𝐷𝑖 = �∑ 𝐼𝑚240𝑚=2𝐼1  (5.8) 
 
For normal operation and fault operation of the power grid thus only first harmonic real 
power 𝑃 and first harmonic reactive power 𝑄1 are relevant. Therefore, a Fourier 
investigation is necessary to derive the first harmonics of the voltages and currents at the 
PCC (Equation (5.9) – Equation (5.11) according to [79]). 𝑓1 stands for the frequency and 
𝑇 represents periodic time of the fundamental oscillation: 
𝑣1,𝑐𝑜𝑠 = 2𝑇 � 𝑣(𝑡)cos (2𝜋𝑓1𝑡)𝑑𝑡𝑡
𝑡−𝑇
 (5.9) 
𝑣1,𝑠𝑖𝑛 = 2𝑇 � 𝑣(𝑡)sin(2𝜋𝑓1𝑡)𝑑𝑡𝑡
𝑡−𝑇
   
 
𝑖1,𝑐𝑜𝑠 = 2𝑇 � 𝑖(𝑡)cos (2𝜋𝑓1𝑡)𝑑𝑡𝑡
𝑡−𝑇
 (5.10) 
𝑖1,𝑠𝑖𝑛 = 2𝑇 � 𝑖(𝑡)sin(2𝜋𝑓1𝑡)𝑑𝑡𝑡
𝑡−𝑇
   
 
The RMS values for of the fundamental voltage and current oscillation account to: 
𝑉1 = �𝑣1,𝑐𝑜𝑠2 + 𝑣1,𝑠𝑖𝑛22 = 𝑣�1√2 (5.11) 
𝐼1 = �𝑖1,𝑐𝑜𝑠2 + 𝑖1,𝑠𝑖𝑛22 = 𝚤1̂√2   
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The corresponding phase values of the fundamental voltage and current oscillation are: 
𝜑𝑖1 = tan−1 𝑖1,𝑠𝑖𝑛𝑖1,𝑐𝑜𝑠 (5.12) 
𝜑𝑣1 = tan−1 𝑣1,𝑠𝑖𝑛𝑣1,𝑐𝑜𝑠  
 
Hence, the voltages and currents can be represented as space vectors and instant values: 
𝑉1 = 𝑣�1 ∙ 𝑒𝑗𝜑𝑣1   ,    𝑣1 = 𝑣�1 ∙ 𝑒𝑗𝜔𝑡+𝜑𝑣1 (5.13) 
𝐼1 = 𝚤1̂ ∙ 𝑒𝑗𝜑𝑖1   ,    𝑣1 = 𝚤1̂ ∙ 𝑒𝑗𝜔𝑡+𝜑𝑖1   
 
According to the standard the three-phase system is represented in its symmetrical 
components. Using the space vectors of the phases’ voltages and currents the symmetrical 
components can be built according to Equation (7.1) – Equation (7.3). 
 
Figure 5.2:  Generation of symmetrical components according to IEC 61400-21 
The calculation of the symmetrical components is based on the periodic time of the 
fundamental frequency. Even though, a moving time window is used, the integration 
shows limitations in regard to representing fast dynamics. The latency of RMS calculations 
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that is induced through Equation (5.9) and Equation (5.10) restricts the possibility to map 
fast dynamics with RMS values. 
Figure 5.2 illustrates this delay behavior. A clean 50 Hz sine reference signal is shown that 
has a breakdown in amplitude to zero at 𝑡 = 30 ms. The measurement of the signal is 
filtered with a first order low pass having a cutoff frequency of about 10 kHz. The RMS 
value and the fault value are calculated. It can be seen that the fault vector shows a 
significant error until 𝑡 = 50 ms. The depicted fault vector visualizes the low pass 
characteristic of the moving window integration that lies within the magnitude of scale of 
the 50 Hz fundamental frequency. The depicted case demonstrates that the error in the 
RMS calculation prevents an accurate investigation of fast dynamics.The live investigation 
of the electrical quantities requires measurement equipment that guarantees a high 
bandwidth and a high accuracy as well as the data storage capacity to record all relevant 
data during certification and for condition monitoring in regular operation. Besides the 
need to record the dynamics consequent upon voltage breakdowns another aspect with 
high demands regarding the measurement equipment is the quantification of flicker and 
harmonics. An introduction and summary of the topic as well as new approaches for 
possible measurement devices are described in [65] and [67]. A summary regarding the 
measurements theory and corresponding approaches of the feedback from renewable 
power generation units to the power grid is given in [132]. 
5.2.1.2 FGW TR3 
The FGW TR3 guideline [53] is the relevant sub-standard of the FGW TR guideline series 
that defines the electrical testing of WECs and in particular the procedure to proof FRT-
conform behavior of the wind turbine. In combination with the FRW TR4 [54] and 
FGW TR8 [55] it represents the parts of the FGW guidelines that define the electrical 
conformity to the legal framework and standard requirements. Originating from the 
background of performance measurement of WECs the FRW TGR framework now 
provides guidelines to certify compliance towards German legal and grid code 
requirements. 
FRW TR3 and FRW TR8 are based upon the IEC 61400-21 standard. The FRW TR4 
guideline states the procedures for the modeling and simulation of WECs. It serves as 
foundation in combination with the FRW TR3 for the FRW TR8 that is the guideline for 
the certification of one or multiple WECs as power generation units. 
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Tests according to the FRW TR3 are to be carried out at steady state conditions of the 
WEC (i.e. stable conditions of operation for at least 2 s). The tuning on the wind turbine 
and its control can be iteratively continued at the WEC setup until all demands of the 
FRW TR guidelines are met at least once for the entire range of states of operation [72]. In 
reference to the IEC 61400-21 the FGW TR3 guideline defines the testing procedures for 
proofing the FRT-capabilities of WECs. 
Test Nr. Fault Depth (V/V0) Fault Duration (ms) 
1 ≤ 0.05 ≥ 150 
2 0.20 – 0.25 ≥ 550 
3 0.45 – 0.55 ≥ 950 
4 0.70 – 0.80 ≥ 1400 
Table 5.1:  FRT testing demands conform to FGW TR3 [53] 
Table 5.1 shows the required tests that have to be passed for symmetrical as well as 
unsymmetrical voltage breakdowns. Next to the investigation of the fault behavior the 
capability to fulfill normal operational demands like the injection of reactive power as a 
function of the grid voltage have to be proven as well (see [52]). 
5.2.2 Fault Ride Through Testing Setups 
The FGW TR3 guideline comes up with examples for a variety of possible testing setups 
to realize FRT voltage breakdowns. This section gives an overview of the most common 
approach of using an FRT container and the method of converter-based FRT testing which 
is investigated at the WEC test benches of RWTH Aachen University. Moreover, the two 
procedures are compared and pros and cons are evaluated [72]. In general, FRT tests are 
independent of the test environment as they can be carried out at an in-field setup for 
WECs as well as at a system-level test bench for wind turbines. 
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Since the task of the voltage breakdown can be realized in two ways four combinations of 
FRT testing are theoretically possible (detail are given in the following – Section 5.2.2.1): 
• In-Field Setup with FRT Container 
• In-Field Setup with Converter-Based FRT Testing 
• Test Bench Setup with FRT Container 
• Test Bench Setup with Converter-Based FRT Testing 
 
The testing of WEC that is performed at the test bench setup of RWTH Aachen University 
is based on the last listed option following the alternative approaches both for the general 
test environment as well as the technology to realize the voltage breakdown. 
5.2.2.1 Fault Ride Through Generation Methods 
This section depicts the conventional approach of FRT-container-based voltage breakdown 
generation and the power-converter-based generation of FRT breakdowns. A comparison 
of the methods is given in Section 5.2.2.3. 
Fault Ride Through Containers 
The conventional method to test the reaction of WECs to an electrical fault is the use of 
FRT containers. The motivation for the application of an FRT container is on the one hand 
the generation of voltage sag itself as well as on the other hand the decoupling of the fault 
from rest of the power grid. Thus, the grid is saved from dangerous operation conditions 
due to the fault. The FRT container is placed in-between the WEC and the PCC. As the 
name implies, the passive components that are necessary for the voltage breakdown are 
housed into containers which are designed to minimize the expenditures for road-
transportation. 
Figure 5.3 shows the general schematic overview of container-based FRT testing. 
Additional passive components might be applied depending on the specific 
implementation of the FRT container. The grid at the input terminals of the FRT container 
can be regarded as a combination of the voltage source 𝑉𝐺𝑟𝑖𝑑 with the impedance 𝐿1. The 
FRT container is represented by the passive components placed in the center of the figure 
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and embraced by the two dotted lines. The container is put in-between the power grid and 
the WEC. 
 
Figure 5.3:  Schematic overview of container-based FRT testing [72] 
Before initiating the fault the circuit breaker 𝑆1 is closed and circuit breaker 𝑆2 is open. 
The WEC therefore is connected to the power grid as under normal conditions. When the 
voltage breakdown of the network is emulated circuit breaker 𝑆1 opens and circuit breaker 
𝑆2 closes [12]. The depth of the voltage breakdown is adjusted by the relation of the two 
inductances 𝐿2 and 𝐿3 that can be altered via a tap changer. At the end of the emulated 
fault circuit breaker 𝑆2 opens and circuit breaker 𝑆1 closes again. 
The transformer 𝑇1 is necessary if the PCC is at MV-level. There are three points of 
measurement that are relevant for standard-conform FRT testing (𝑀1 – 𝑀3). The behavior 
of the power grid is monitored via 𝑀1. Either 𝑀2 or 𝑀3 can be employed for the 
monitoring of the emulated voltage breakdown as the emulation of a fault both on the 
primary as well as on the secondary terminals of the transformer is permitted for testing. A 
description of FRT-container-based investigations is given in [7], [12] and [134]. 
Converter-Based Fault Ride Through Testing 
The use of power electronic converter systems for FRT testing follows an alternative 
approach for the implementation of the voltage breakdown with the difference that the 
fault is emulated and not physically realized by passive components. The converter system 
serves as a controlled voltage source that is operated in a way to map the voltage behavior 
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of an FRT breakdown. The grid emulator is inserted in-between the public power grid 
connection of the test bench and the WEC – as it is the case with FRT containers – and 
emulates the desired behavior at the PCC. This approach has already been used for the 
investigations of other loads and generation units (see [123]). Similar to the FRT container 
the power electronics converter system decouples DUT and the power grid and thus 
prevents unintended feedback from the testing to the grid that could endanger the public 
power network. 
The power converter is implemented as a back-to-back converter system forming a 
frequency converter. The two AC-terminals are separated through the power inverter 
stages that are coupled with a DC-link. The power converter can be either installed at LV-
level or MV-level depending on the general test bench layout. At larger test bench ratings a 
MV-setup is more convenient as it significantly reduces the current ratings of the power 
converters compared to a same power rating at LV. In case of an LV realization the 
transformer of the WEC can be omitted. 
 
Figure 5.4:  Schematic overview of converter-based FRT testing [72] 
Figure 5.4 depicts the layout of converter-based FRT testing. It can be seen that the general 
setup for FRT investigations of the WEC is comparable to the setup based on FRT 
containers. The output voltage at the PCC of the wind turbine is controlled by the 
converter system. Because the input voltage of the public power grid can be considered 
stable, the grid-side converter acts as a controlled current source (reflecting the power 
demand of the testing) and the WEC-side converter acts as a controlled voltage source. 
Due to the switching behavior of the power electronics that are part of the converters, 
filters are necessary on both sides of the converter setup. On the grid-side an inductance 
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smooths the input current. Depending on the topology of the power converter and the 
characteristics of the power grid a single inductance can be sufficient. If not, an LCL-filter 
– or even a more complex filter – has to be employed. In Figure 5.4 the inductance 𝐿1 
represents both grid side inductance as well as filter inductance. The output filter is an LC-
filter that smooths the voltage at the PCC. In case of a MV power converter system an 
additional transformer might be necessary that adjusts the voltage according to the 
expected voltage level of the WEC-side PCC. An example of a converter-based FRT 
generation with a similar approach as described in this research work is given in [119] 
and [130]. A reduced and scalable setup that can test as a part the grid side converter or as 
a whole the full converter without generator is given in [148] and [146], respectively. 
In [60] a lab infrastructure with a low power testing environment for the testing of WEC 
power electronics is introduced. 
5.2.2.2 Environments for Fault Ride Through Testing 
This section introduces to the FRT testing of WECs in the field as well as the alternative of 
test-bench-based FRT investigation. Section 5.2.2.3 discusses the possible methods and 
locations for FRT testing. 
In-Field Fault Ride Through Testing 
In-field FRT testing of WECs implies several constraints due to the inherent characteristics 
of the wind turbine’s operation in its un-modified in-field environment. Above all, the 
weather i.e. the wind speed directly limits the power output and possible modes of 
operation of the WEC. However, the requirements for investigation – i.e. of standard-
conform FRT testing – demand a wide spectrum of load conditions at the wind turbine. 
This dependency on the weather introduces uncertainty into the planning and the expenses 
for the execution of the investigation. 
Even though the accumulated duration of the FRT testing may be very short, the overall 
examination procedure due to the standby time when waiting for the right wind condition 
can rather be long. Three to six months must be expected. Since the point in time when the 
required wind conditions occur is not known, the certification personnel has to hold out at 
the turbine awaiting the right moment of testing. Especially, cases of investigation such as 
the 50-year-maximum wind speed that go beyond the required tests are practically 
impossible to test at an in-field setup as they mean extreme stress conditions for the WECs. 
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In-field testing offers the advantage that as the WEC operates in a normal environment 
there is not any necessity to modify the wind turbine. This spares any possible change in 
behavior in the DUT. As a drawback, the iterative fine-tuning of the WEC is more complex 
when it is fully erected and the turbine has to be decommissioned in the case where the 
certification cannot be achieved. 
Test-Bench-Based Fault Ride Through Testing 
As an alternative to in-field testing, the WEC or parts of it can be investigated on a ground-
level test bench. FRT certification is just one focus for test-bench-based testing. A ground-
level test bench in contrast to a component level test bench is aiming to examine the 
components themselves as well as the interactions between the different parts of a wind 
turbine. Ground-level test benches that omit the tower and the rotor of the WEC and focus 
on the nacelle are called nacelle test benches. Section 5.3 compares the different types of 
ground-level test benches. The reduction of the system to the nacelle is motivated by the 
assumption that the interactions between the three groups of tower, rotor, and nacelle are 
much less than in-between components of the same groups. A benefit of system-level test 
benches is that behavior of multiple physical domains can be studied with only little 
additional effort. 
Test bench investigations for WECs require that the nacelle of the wind turbine is brought 
to the test bench whereas in case of in-field testing the nacelle can directly be installed at 
its final location. The transportation costs in this case are shifted from bringing the FRT 
testing equipment into the field to bringing the nacelle to the testing environment. For 
large WECs the effort therefore increases. 
FRT examination on a test bench can be carried out on an already existing test bench – e.g. 
one which is used for the investigation of drive trains. Then, the design of the test bench 
has to meet the additional requirements for the FRT investigations. Obviously, a common 
use is more cost efficient. 
One significant advantage of ground-level assessment of WEC is the option to realize 
PHIL testing. This approach can focus on mechanical PHIL as well as on electrical PHIL 
investigations (see Section 4.6). Mechanical PHIL testing is impossible in the field as the 
wind and therefore load situations cannot be controlled. Regarding electrical PHIL 
examination a grid emulator could theoretically be brought to the in-field setup of a wind 
64  Chapter  5 
turbine but would practically imply large expenditures to transport and operate the grid 
emulator – virtually building a test bench around the in-field setup. 
5.2.2.3 Comparison of Fault Ride Through Testing 
Approaches 
The discussion given above emphasizes that a redirection of FRT certification from in-
field examination towards test bench investigation of WECs represents a change of 
paradigm. It promises faster and cheaper engineering as test bench trials are easier to plan 
precisely and repeatable. Yet, it has to be empirically proven by test-bench-based 
experiences. Nevertheless, test-bench-based WEC investigation already seems reasonable 
both for the combination with an FRT container as well as in combination with a power-
converter-based FRT setup. 
Aspect 
Test Environment FRT Testing Technology 
In-Field Test Bench FRT Container Power Converter 
Time-Demand – + o o 
Cost – + o – 
Experience + – + – 
Standard-
Conform + o + o 
Flexibility – + – + 
Table 5.2:  Comparison of FRT testing approaches 
The specific approach – being a shift in paradigm as well – to use a power converter for 
the voltage breakdown emulation – that is necessary for FRT tests – promises an additional 
advantage. Namely, the testing is not solely optimized for the specific voltage breakdown 
of FRT testing but offers a much greater flexibility. The use of a power converter as a 
controlled voltage source gives the opportunity to realize any voltage behavior in which 
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the FRT voltage breakdown being only one specific case. Therefore, testing for additional 
critical points of operation can be carried out and rapid prototyping of the WEC is possible 
through PHIL testing. Hybrid approaches can be conducted as well using power 
electronics for the PHIL setup and an FRT container to certify the wind turbine. 
In comparison, regarding space needs of the testing equipment, the converter-based 
voltage generation for FRT testing is more demanding than the requirements of FRT 
containers. Moreover, the technology is more complex. Thus, as described above, the other 
remaining possible combination of applying power electronics based voltage breakdowns 
in the field does not seem to be reasonable. 
Table 5.2 gives an overview of the advantages and disadvantages of the different testing 
approaches regarding relevant aspects for WEC certification. The divergency between the 
established approach of in-field testing and FRT container vs. the use of a test bench can 
be clearly seen. The table judges all aspects with the expectations regarding the different 
technological approaches that are stated above. 
In [149] two further methods of fault generation – the connection to a short-circuit-proof 
power grid and a transformer-based voltage breakdown – is given. The first is hardly 
applicable due to the large effort of the required power grid and the second can be 
regarded as a variation of an FRT container. 
Fault Ride Through Challenges for WECs 
Severe voltage sags as they are required by the grid codes imply significant stress to 
WECs. Wind turbines must be designed to withstand such stress. Both generator concepts 
which are relevant nowadays – DFG and synchronous generators – must be designed 
accordingly. There are two types of the requirements for WECs to show grid-code-
conform behavior during a voltage breakdown. 
First, the maintenance of operation itself at low grid voltage levels is a challenge to the 
wind turbine. Second, the required injection of currents during the fault, which can be 
higher than in normal operation, implies stress to the components of the WEC. The 
injection of high currents at the location of the voltage breakdown prevents the fault from 
spreading throughout the power grid as reactive power is fed into the fault that stabilizes 
the voltage breakdown. This is important in case a grid fault occurs close to the PCC of 
the WEC. The factor of increase of currents – in relation to the nominal currents – depends 
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on the generator technology and arrangements between WEC operator and grid operator. 
Fault currents in case of power electronic converters commonly have a factor of 1.5 – 2 in 
relation to the nominal currents while a directly connected generator can have a factor of 
7 – 8 times the nominal currents. 
The control of the WEC during the FRT phase depends on the generator technology that is 
used. Wind turbines of the Danish Concept usually disconnect in case of a grid fault as 
they are non-controllable and therefore do not fulfill the requirements of the grid codes. If 
they stay connected for a short voltage breakdown, the rotor speeds up as the torque of the 
drive train is not at an equilibrium [141]. DFG and synchronous generators both have 
converter systems that have to manage such a fault. Synchronous generator setups are 
predestined for managing of voltage breakdowns as they have a nominal power converter 
rating and fully decouple the generator from the grid. If the DC-link of the back to back-
to-back converter has a voltage overshoot a break chopper can prevent the voltage level 
from exceeding limits. An approach of fault handling of a PMSG generator is described 
in [31]. 
The DFG system has to handle the short circuit in the stator terminals in case of FRT-
conform behavior of the WEC. This leads to a DC component of the stator currents that 
appears as an AC component on the rotor side resulting in a significant peak in the rotor 
currents and therefore leads to an increase of the DC-link voltage [44]. A combination of 
crowbar on the rotor side as well as a break chopper on the DC-link can enable the DFG 
wind turbine to stay connected during the grid fault. A crowbar prevents over-currents in 
the rotor side converter and adds an additional resistance to the rotor circuit that extends 
the slip speed [29]. The anti-parallel diodes of the rotor side converter still may lead to an 
increase in the DC-link voltage which is limited by the break chopper [117]. An 
experimental low power setup for investigating the FRT behavior of DFG wind turbines 
has been realized in [97]. Different fault handling approaches have been investigated 
in [34], [94] and [129]. The special case of the FRT-capability of a BDFG is investigated 
in [143]. 
5.2.3 Mechanical and Constructional 
Certification 
Next to the electrical certification mechanical and constructional aspects are investigated 
in certification procedures to ensure a safe and reliable operation of the wind turbine. 
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Similar to the electrical requirements local laws specify the relevant standards and 
guidelines for the testing of mechanical and constructional aspects of wind turbines. In 
Germany, tower and foundation of the WEC are considered to be part of a building and 
therefore follow guidelines of civil engineering [33] [61]. 
There are two categories of certification regarding the mechanical and constructional 
behavior of wind turbines. One type focusses on the impact of WECs onto their 
environment which is limited by the prevailing, local permissions for the construction of 
wind turbines. This includes aspects such as acoustic emissions and shadow casting. 
Inherent to the nature of those influences these aspects of certification depend strongly on 
the behavior of the wind turbine in the field and therefore are hard to measure on a ground-
level test bench. The second type focusses on the mechanical part of the drive train as well 
as the constructional aspects of the rotor blades which both can be investigated on ground-
level test benches. Nevertheless, a nacelle test bench is fundamentally different from a 
rotor blade test bench. 
The IEC 61400 standards introduce four wind classes that are meant to categorize the 
expected wind behavior that a wind turbine is exposed to and to derive technical design 
guidelines for the layout of the WEC according to the relevant wind class. The classes 
define the mean of the expected wind speed, wind turbulences, and the expected 50-year 
wind peak maximum as well as yearly wind peak maximum (for a 3 s and a 10 min mean). 
Design Load Cases (DLC) define a set of operation conditions for normal and fault 
operation that the WEC is designed for guaranteeing a safe operation. During the 
certification process calculations have to prove that the wind turbine can handle the 
DLC [61]. 
Measurement Load Cases (MLC) define a set of operational conditions that are 
investigated during the testing of the WEC as DUT. The set of the MLC has a reduced 
scope in comparison to the DLC. This originates from the conditions of in-field testing as a 
testing for extreme wind situations would require a significant time of measuring in the 
field until the desired conditions prevail. For example, the 50-year-maximum wind speed 
and even the yearly maximum wind speed are load cases that are impractical to be verified 
in an in-field setup. The mapping of certification for WECs to ground-level test benches 
thus implies significant advantages regarding the MLC. This allows for a time reduction on 
one hand as well as the option to include additional load cases on the other hand. 
Moreover, MLC are a set of load cases that should compensate for inaccurate reproduction 
of test conditions in an in-field setup. A test bench investigation – with its capability to 
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precisely set the load conditions – makes such compensation obsolete. Furthermore, 
system-level testing offers the possibility to apply load cases that would not appear at the 
turbine in-field but reveals aspects of investigations that give additional value to the design 
process of WECs. 
5.3 System-Level Nacelle Testing 
The approach to include ground-based nacelle testing in the design and certification 
procedures of WECs is motivated by an intended increase in reliability and decrease in 
time demand of the engineering process. Worldwide, a clear trend towards test benches for 
wind turbines can be seen. This includes component test benches on the one hand as well 
as ground-level test benches and system-level test benches on the other hand. The Center 
for Wind Power Drives (CWD) at RWTH Aachen University builds up a system-level test 
bench (see Chapter 7). The different types of test benches are characterized as follows: 
Variations of WEC Testing 
In-Field Testing 
• Testing at an Unmodified WEC in the Field 
• Measurement Equipment is Brought to WEC 
Ground-Level Testing 
• Components or Entire Sections of the WEC are Tested on Ground 
• Loads and Forces are Generated and Applied 
System-Level Nacelle Testing 
• Real-Time Simulation of Loads 
• Environment of the WEC is Considered  
 
Figure 5.5 provides an overview of the different variations of WEC testing and depicts the 
capabilities of system-level nacelle testing compared to other approaches. It is shown that 
the tower can only be tested in the field while the blades can be tested with ground-level 
test benches that solely focus on the blades. In-field testing offers the most coverage of 
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testing WEC components as well as the entire wind turbine. In-field testing represents the 
testing of the WEC as a fully erected setup. System-level nacelle testing gives the largest 
flexibility for the spectrum of investigation regarding the tuning of testing parameters. 
 
Figure 5.5:  Overview of possible testing approaches for WEC components 
Ground-level testing stands for the investigation of WEC components on the ground either 
as single components or as a combination of components. The loads and forces that are 
realized at the testing setup result from pre-calculated or previously measured load cases. 
System-level nacelle test benches use a PHIL setup for the simulation of the behavior 
regarding the environment in which the nacelle is placed. System-level test benches 
always include the entire range of performance that function ground-level test benches for 
nacelles can offer. 
5.3.1 Motivation for the Approach 
The experiences from the last decades of operation of WEC have demonstrated that there 
are reliability issues with the existing technologies that are used in wind turbines. The 
expectations regarding energy yield as well as the operational demands coming from grid 
operators have significantly risen in the past. This is reflected by a growth in the average 
installation power of WEC in parallel to an increase in complexity of the installed 
technological concepts of wind turbines. Hence, test bench investigations seem to be a 
promising approach to guarantee high availability and reliable operation of WECs. 
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Aspect 
Test Approach 
In-Field Ground-Level System-Level 
 Domains 
Covered + o – 
 Overload 
Testing – + + 
 Extent of 
Testing  – o + 
Table 5.3:  Comparison of testing approaches for WEC 
Table 5.3 compares the flexibility of the different testing approaches that are depicted in 
Figure 5.5. System-level test benches can be further split up according to the domains that 
are covered with PHIL testing. Moreover, the types of stress and loads that can be applied 
to the DUT largely vary among the various test setups. While some test benches focus on 
overload and stress testing others emphasize the degree of freedom, accuracy and 
dynamics of the load application. 
The comparison of the different testing approaches reveals the advantages and 
disadvantages of the individual testing techniques. The research and project work of the 
CWD at RWTH Aachen University focusses on system-level nacelle test benches because 
such a type of test bench is considered as the most advantageous test setup for the 
investigation of WEC drive trains. The decision to prefer ground-level testing versus in-
field testing is motivated as follows: 
Advantages of Ground-Level Test Benches 
• Larger Flexibility of Investigation 
• Repeatability of Investigation 
• Overload Capability and the Option of Stress Testing 
• Increase of the Investigation Speed 
 
The larger flexibility to carry out detailed investigations of WECs is made possible by the 
controllability of the loads that are applied to the DUT. The specific points of interest 
regarding the load cases can be generated at the WEC. Hence, load cases can be repeatable 
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generated until the desired results are obtained. Identical conditions are hereby reproduced 
to a high extend each time. 
Overload capability depends on the power rating of the test bench and obviously leads to 
the possibility to investigate additional load cases which results in a study of border area 
performance of the WEC. Even without the capability to do overload testing, continuous 
application of high load enables the capability to do stress testing of the DUT. This can 
show valuable information regarding the behavior of the WEC that can be used to improve 
the performance of the wind turbine. 
The speed up of the investigation process is realized since the application of load cases 
onto the DUT does not depend on outer weather conditions as it is the case in the field. 
Especially, for high load investigations the time saving can be significant because the 
higher the wind testing conditions are that should be investigated the more time demand 
arises in case of in-field testing. 
As listed above, most of the advantages that result from replacing in-field testing are 
already achieved with ground-level test benches. Still, there is further possible 
improvement when realizing a system-level nacelle test bench. The decision to prefer 
ground-level testing versus in-field testing is motivated as follows: 
Additional Advantages of System-Level Nacelle Test Benches 
• More Realistic Application of Load Conditions 
• Investigation of the Feedback of WEC to the Environment 
 
The more realistic application of load conditions follows from a detailed simulation of the 
environment of the DUT. Thus, the simulation can cover variations of situations where 
there is not any data available from the field as reference load data. Moreover, there are 
conditions like forces and moments applied at the blades of the rotor hub which can hardly 
be measured in the field due to the need for a complex measurement setup. 
If the simulation of the conditions is real-time capable and a HIL / PHIL setup is 
established the feedback of the WEC to the environment is considered. This plays a 
significant role for a detailed mapping of the dynamic changes of the operational state of 
the wind turbine. The type of test bench that is realized by the CWD offers two level PHIL 
testing (electrical and mechanical) in combination with a HIL testing of the WEC 
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controller thus resulting in a realistic mapping of the entire environment of the wind 
turbine nacelle. 
Reflection of Ground-Level Testing in the Standards 
The existing standards do not clearly regulate the use of test bench investigations for the 
certification of WECs. Thus, a tuning of the definition of the testing procedures and the 
demands regarding the test bench itself is necessary if ground-level examination is 
intended for certification. Moreover, the additional possibilities of investigation that arise 
through the use of ground testing should be considered. A porting of the existing 
examination procedures to ground-level test benches does not sufficiently reflect the 
capabilities of the use of a test bench for certification. Particularly, overload and stress 
tests that can be a reasonable extension of the standards is made possible through ground-
level investigations. 
When power converters realize the voltage behavior at the PCC, a controlled voltage 
source is formed that can be used beyond FRT testing. By realizing a real-time simulation 
of the electrical power grid, interactions between WEC and power grid can be mapped. 
This is especially interesting because the behavior of the power grid depends on the 
characteristics of the PCC which can obviously vary significantly for the given grid 
structure at the location of connection. This is beneficial for investigations since a 
conventional FRT testing might not examine the relevant behavior for every kind of 
possible PCC. For example a weak connection to the power grid can behave significantly 
different to a rather stiff coupling. 
5.3.2 Multi-Physics System-Level Nacelle 
Testing 
As described above, the CWD follows the approach to implement its system-level nacelle 
test bench as Multi-Physics PHIL test bench. Therefore, the simulation of multiple 
domains has to be carried out. In case of the test bench setup at CWD, this includes the 
electrical, the mechanical, and the signal side of the nacelle. 
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Figure 5.6:  Schematic overview of the PHIL and HIL setup [81] 
An overview of the multi-domain simulation is given in Figure 5.6. It can be seen that the 
electrical and the mechanical PHIL sides are independent. The mechanical load 
application and the grid converter form the two interfaces for the PHIL simulation. The 
sensor-actuator-simulation represents the low power HIL side of the setup. The entire 
nacelle stays unmodified as it operates on the test bench with its original controller. The 
overall test setup automation is conducted by a global test rig controller that coordinates 
the individual domains and guarantees the safe operation of the test bench. 
In the following part the individual domains are looked at in more detail. Each section 
could be alternatively realized in individual test bench setups that focus on one specific 
domain and do not form a Multi-Physics PHIL testing. 
Electrical Domain 
Figure 5.7 shows the electrical domain of a Multi-Physics PHIL setup representing the 
domain with the fastest dynamics. Therefore, it is realized by a dedicated interface 
between grid simulation and PHIL interface. The grid emulator applies the behavior of the 
electrical power grid as output of the simulation at the generator terminals of the nacelle. 
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Figure 5.7:  Multi-Physics PHIL setup – electrical part 
The power is fed from a common DC-link which is used to connect to the mechanical 
PHIL interface as well. The grid simulation usually runs on a dedicated hardware. On the 
nacelle side, the drive train connects the generator with the mechanical PHIL interface and 
the nacelle controller builds the connection to the signal-level HIL interface. 
Mechanical Domain 
 
Figure 5.8:  Multi-Physics PHIL setup – mechanical part 
In Figure 5.8 the mechanical domain of the Multi-Physics PHIL setup is depicted. The 
power interface is formed by a combination of motor and inverter as an electrical drive. 
Similar to the electrical interface, it is fed by the common DC-link. The gearbox serves as 
point of connecting to the nacelle’s drive train. Figure 5.9 shows the signal domain of the 
Multi-Physics PHIL setup. The signal interface generates the behavior of actuators and 
sensors that are necessary for the operation the nacelle’s controller. 
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Signal Domain 
 
Figure 5.9:  Multi-Physics PHIL setup – signal-level 
 

 6 ELECTRICAL INTERFACES FOR 
POWER HARDWARE IN THE LOOP 
As PHIL implies the conservation of energy at the terminals, the interfaces are much more 
complex compared to regular HIL. Electrical interfaces imply that at the emulated PCC 
point of the electrical system the behavior either controls voltage or current. In case of a 
predominant inductive behavior of the system that is being simulated, the interface will be 
current controlled. Vice versa a predominant capacitive behavior of a system will be 
modelled as a voltage source. Examples for the use of current driven interfaces are the 
simulation of electrical machines or grid side power converters. In case the DUT of the 
PHIL setup actively controls voltage or current, the corresponding opposite of the two has 
to be controlled by the PHIL interface. Only if the duality of these opposite control 
variables is followed it is guaranteed that the PHIL setup reaches a stable point of 
operation. In both the cases of the controlled current sources as well as of the controlled 
voltage source the electrical interface acts as an amplification stage between signal-level 
and power-level. 
This chapter is split-up in a description of the general grid emulator concept, a section that 
is dedicated to low power grid emulator setups, and a final part that addresses high power 
grid emulator concepts. The last section should emphasis the challenges that arise though 
the inherent characteristics of the technologies that are utilized in the case of high power 
converters. 
6.1 Grid Emulator Concept 
The most common use for electrical PHIL setups is the emulation of a power grid. All 
relevant public power grids that operate today are characterized by their voltage amplitude 
(and their frequency in case of AC grids). Therefore, the type of behavior as well as the 
mapping of such a power grid is always a representation of a voltage behavior. As the grid 
simulation is realized in a real-time simulator on signal-level, the grid emulator itself is 
connected to a signal-level interface and receives the reference values for the voltage at the 
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simulated terminals of the grid (see Section 4.5). Thus, the grid emulator is the 
amplification stage that maps the reference voltage to power-level. The DUT is connected 
to the output of the PHIL interface where the conservation of energy is enforced. 
Figure 6.1 shows the schematic of the concept introduced above. The duality of the grid 
emulator being a controlled voltage source and the DUT driving a current according to the 
power demand of the load can be seen. The grid emulator measures the currents at the 
power-level interface and feeds them back into the grid simulation. The combination of 
grid emulator and grid simulator controls the interface terminals of the electrical PHIL 
setup that the DUT sees. The performance of this combination therefore determines how 
realistic this interface operates and if the PHIL setup behaves with satisfying accuracy in 
comparison to the operation of the DUT in its natural environment. 
 
Figure 6.1:  Schematic overview of the grid emulator concept 
The overall performance of behavior is the most challenging aspect for the design of grid 
emulators and grid simulators. This task can be split-up in four subtasks that influence 
each other but can be optimized individually: 
• Network Modeling in the Grid Simulator 
• Signal-Level Communication 
• Amplification within the Grid Emulator 
• Connection of the Power-Level interface 
 
The dynamic behavior is a key design goal for all four aspects and states the main 
characteristic of PHIL testing. A major contribution to the hardware demand is caused by 
Electrical Interfaces for Power Hardware In the Loop  79 
these dynamic requirements. The grid simulator has to be able to model the electric power 
grid and its dynamics in real time. Today’s power grids where power electronics are 
spread imply a modelling of transients in the µs-timeframe. Even with state of the art 
technology, dedicated hardware for real-time simulation has to be used. Accordingly, the 
signal-level communication speed has to be laid out for a communication in the same time 
frame. Communication with latency in the µs-range introduces practical limits for the 
distance between real-time simulation and PHIL interface. This is due to the travelling 
time of the signals on the communication link. The speed of propagation depends on the 
physical network layer and the signal conditioning at sending end and receiving end. For 
an estimation of the longest distance for communication the travelling speeds in relation to 
the speed of light are of interest. For the different types of copper communications – as 
well as fiber-optic connections – the propagation speed varies roughly between 2 3�  and 3 4�  
of the speed of light. As a fiber-optic connection is often used because of its advantages in 
noisy environments, the following estimation for this case is given [127]: 
𝑐0 = 2.998 ∙ 108  m s⁄  (6.1) 
𝑛 ≈  2 3�  
 
𝑐lwl =  𝑐0𝑛  (6.2) 
⇒ 𝑐lwl ≈ 2 ∙ 108  m s⁄ = 200 m µs�  
 
This speed of propagation therefore obviously gives relevant limits for the distance of the 
signal-level communication link as latencies in the range 1 µs are the maximum latency 
allowed regarding the communication protocols that are used in real-time simulators for 
electrical power grids like RTDS. Since the control loop time-step in most grid emulators 
is significantly larger, a communication that allows for more latency might be chosen 
depending on the setup of grid simulator and grid emulator. 
The grid emulator itself often represents the bottleneck for the entire dynamic performance 
of the PHIL setup. This is due to the fact that as an amplification stage between signal-
level and power-level it uses technologies that are employed in electrical power grids as 
well. Thus, there is the emerging challenge of utilizing a technology for the amplification 
to power-level itself that should map the behavior of the similar technology at the output 
as part of the respective model in the grid simulation. Hence, there is a coexistence of 
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parasitic effects of the amplification stage itself and the parasitic effects that are modelled 
in the grid simulation. This leads to a limitation in the emulation capability of the 
amplification stage. Yet, the approach to overcome this limitation consists in driving the 
design of the amplification stage to be as dynamic as possible, resulting in increasing 
hardware demands and reduced efficiency, which is contrary to the design goals of 
equipment that is used in power grids. 
The amplification stage is usually realized with a power electronics converter system. 
There are two possible layout principles, one being a linear converter system and the other 
being a switching converter system. Both approaches apply controllable semiconductor 
devices (power electronic devises) such as the Metal-Oxide-Semiconductor Field-Effect 
Transistor (MOSFET), Insulated-Gate Bipolar Transistor (IGBT), or the Integrated Gate-
Commutated Thyristor (IGCT). Power electronic devices are highly optimized for high 
power tasks. If a linear converter is built, the semiconductor device acts as a controllable 
resistance operation in the linear amplification region of the device. In case of a switching 
converter the semiconductor device is laid out for the application modes with the device 
being in its Fully-ON or its Fully-OFF area. The use in switching operation demands for a 
filter to smooth the output signal of the converter. Switching converters have the 
advantage that the efficiency is largely increased since the losses of the semiconductor 
device in the linear area are avoided. The drawback is the switching noise at the output 
that requires high efforts for the filter if a clean output signal is intended. 
In-between the amplification stage of the power-level connection of a switching power 
converter and the DUT there is a low-pass filter that reduces the ripple at the interface. 
Since in case of a grid emulator the output voltage is controlled, an LC-filter setup or a 
higher order filter is connected. The design of such a filter for the use in a grid emulator 
significantly differs from the design of a regular power converter system. The common 
application for a power converter is to realize an ideal behavior as far as possible 
concerning the output voltage and aspects like phase symmetry and ripple. 
The cutoff frequency regarding the filter of a conventional converter therefore is set as low 
as possible in order to maximize the damping of the switching harmonics. At the same 
time the necessary dynamic behavior in respect to frequency and transient behavior of the 
output voltage has to be ensured. For the use in grid emulators – where the existence of 
harmonics can be an intended result – a low cutoff frequency would limit the dynamic 
performance of the amplification stage. Thus, the possibility for a PHIL analysis of 
transient phenomena in power systems would be prevented. Therefore, a compromise 
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between the ability to map transients while keeping an acceptable damping of the 
undesired switching harmonics of the grid emulator itself has to be chosen (see [24]). If 
the design of the amplification stage allows for a higher mapping of dynamics compared to 
usual converters, the resulting dynamics of the simulation can be satisfactorily emulated 
with the PHIL interface. 
6.2 Flexible Power Simulator 
As testing equipment for low power PHIL experiments a grid emulator setup has been 
developed at the Institute ACS called Flexible Power Simulator (FlePS) [14]. The setup is 
used to form a grid emulator as described in section 6.1. Its amplifier that represents the 
power-level stage of the PHIL interface is based on a switching power converter. The 
design of the overall system was driven to achieve a very flexible solution for the use in 
various experimental setups covering a wide spectrum of load characteristics. Figure 6.2 
gives a view inside the back-to-back converter setup of FlePS. Parts of the passive 
components of the input filter and output filter can be seen. 
 
Figure 6.2:  Inside view of FlePS 
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6.2.1 General Setup 
The main aspect of flexibility that has been followed when designing FlePS is realized by 
the four leg output inverter. The four individual phases allow for the option of mapping 
either an unbalanced three-phase voltage / current system with an additional neutral phase 
or alternatively allows for forming two individual single-phase output systems. Both 
options can generate an AC or DC system. The power level of the setup was designed to be 
25 kW. Thus, a power grid as it is accessible in a standard household in Germany can be 
emulated. The corresponding nominal connection type is a three-phase 400 V, 32 A link to 
the public power grid. The general approach of the grid emulator regarding power level 
and dynamics is comparable to [96] but offers greater flexibility due to the controlled forth 
leg and the adjustable LC-filter / LCL-filter setup. 
The concept of the grid emulator system is shown in Figure 6.3. It can be seen that both 
DUT and the grid emulator are coupled to the power grid and circle the electrical power in 
a loop. An isolation transformer at the input of the grid emulator prevents a possible low 
impedance shortcut between two-phases in case that the DUT uses a power converter as 
well. Additionally, it enhances the possibilities for ground potential handling as it allows 
for a floating connection at the secondary side of the transformer. Similar to other grid 
emulators the negative feedback from the modelled power system to the public power grid 
is minimized. In case of FlePS this is achieved by a frequency converter that is built 
through a back-to-back converter setup with an internal DC-link connection. 
The grid side converter is realized by an Active Front End (AFE) equipped with a control 
to keep the DC-link at the desired voltage level. An LCL-filter reduces the ripple of the 
AFE (not shown in Figure 6.3). The four leg converter is combined with a filter where 
each individual phase can either form an LCL-filter or an LC-filter depending on the 
desired operation as a controlled current source or a controlled voltage source. FlePS hosts 
the control platform for the four leg converter as well as the automation of the entire grid 
emulator. Reference values of the external grid simulation are fed-in and the 
measurements of the DUT are fed-out of the control platform. The DUT is connected to 
the grid emulator on one side and the power grid on the other side. FlePS and its 
components are installed in a cabinet that is equipped with wheels. Therefore, the grid 
emulator can be easily transported to the DUT under investigation. 
Electrical Interfaces for Power Hardware In the Loop  83 
 
Figure 6.3:  Concept of FlePS 
To further enhance the flexibility of the setup as well as for the purpose of tuning, the grid 
emulator hosts a server and a terminal that can be used for automation and programming 
tasks. A connection to the control platform allows for an update of the control architecture. 
Fuses, circuit breakers and switches are installed in the cabinet to realize the operational 
safety as well as turn-on and turn-off procedures of the testing setup. A detailed 
description of the automation concept of the grid emulator is given in [124]. The structure 
itself is shown in Figure A.7 and Figure A.8. 
The start-up procedure connects the transformer before charging the DC-link and then 
turning on the AFE. The server, the control architecture as well as the auxiliary power 
supplies have an independent power circuit. That way the general control and the 
automation can be started and tested individually before the power stage is turned on. In 
case of a power stage failure the server is still accessible for communication and for fault 
investigation. 
In case of a grid emulator a prediction regarding the expected behavior of the load can 
hardly be done – differently to many other converters where a general behavior of the load 
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can be estimated. Therefore, the control environment of FlePS – consisting of server, 
terminal, and control platform – allows for an on-the-fly change of the control algorithm 
that is chosen in dependence of the given conditions of the PHIL setup. 
6.2.2 Back-to-Back Converter System 
The frequency converter system is composed of a conventional AFE on the grid side and a 
customized converter on the DUT-side. Both converters possess filters to increase the 
output quality of the current and the voltage. The topology of the two converters, their 
interconnection, their filters as well as the ground handling is shown in Figure 6.4. It can 
be seen that the topology of both converters is based on parallel legs of half-bridges 
equipped with turn-off capable semiconductor devices (IGBTs in this case) and anti-
parallel diodes (see [86]). 
 
Figure 6.4:  Topology of FlePS 
As depicted, the ground handling approach tries to consequently minimize the influence 
in-between the different phases. Following this motivation, the individual phases operate 
more ideal. Furthermore, enhanced decoupling of phases suits better with the situation of a 
highly unsymmetrical and unclean output signal that might be the result of the power grid 
simulation. It can be seen that all filters as well as the DC-link are grounded leading to a 
symmetrical behavior of the back-to-back converter system towards ground and 
preventing floating outputs or a floating DC-link. This causes currents that flow on ground 
potential. All ground references are therefore directly coupled using isolated cables with 
dedicated connections to the ground potential of the cabinet. Currents of the return paths to 
the filters thus do not flow throughout the cabinet itself. The individual link to ground can 
be isolated if it is of benefit for the experimental setup. 
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6.2.2.1 Active Front End 
The AFE is a conventional converter system which is designed for drive applications. In 
the back-to-back setup it is used to realize a stable DC-link. It is a four quadrant converter 
supporting bidirectional power flow to the connected power grid. The converter allows for 
a permanent nominal current of 46 A which leads to a nominal total power of 40 MVA for 
a 500 V three-phase connection. The filter of the AFE is tuned to its switching frequency 
of 3.6 kHz. Figure 6.4 depicts the general LCL topology of the AFE filter but omits its 
detailed structure for a clearer picture of the overall back-to-back setup. The real filter has 
additional L and R elements. A more detailed investigation of the filter has been done 
in [124] leading to the parameters of the filter that are shown below: 
 
Figure 6.5:  LCL-filter of the AFE 
Figure 6.5 depicts the filter of the AFE which is a modification of an LCL-filter design. 
In Table 6.1 an overview of the parameters of the filter is given. The combination of 𝐿2 
and 𝐶2 forms a rejection circuit that is tuned to a resonance frequency similar to the 
switching frequency of the AFE-converter. Therefore, the main switching harmonics will 
not lead to a current flow into the power grid. As a result a good Total Harmonic 
Distortion (THD) of the current is achieved. 
The AFE allows for a wide range of parameter tuning of the control and automation 
settings. Differently from many other common AFEs the model that is employed in the 
grid emulator gives a fairly large operational area for the DC-link voltage. Frequency 
converter systems that are normally utilized for electrical drive applications do not support 
the necessary voltage level regarding the DC-link which is required for back-to-back 
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operation where the output converter serves as a controlled voltage source. This is the case 
for the given grid emulator application. 
Parameter Value 
L1 1.55 mH 
L2 0.77 mH 
C1 10 µF 
C2 9 µF 
R2 0.3 kΩ 
Table 6.1:  Parameters of the AFE-filter (equal values for phases a – c) 
However, if the output of the converter of the back-to-back setup is connected to an 
electrical motor, the converter is operated in current control. As long as the DC-link 
voltage still is significantly higher than the induced voltage of the motor, the requested 
output currents can be injected into the drive. 
The case of forming a controlled output voltage is more challenging for the DC-link 
through. Usually, it is required that the output voltage is in the same range as the voltage 
rating of the input voltage. The operation of a standard half-bridge converter design – 
which cannot operate in space vector control in cases where a shift of the neutral point is 
not allowed – requires for a voltage reserve. This is needed as a reserve for the Pulse 
Width Modulation (PWM) on one hand and to compensate for the voltage drop on the 
output filter on the other hand [1]. 
 
Figure 6.6:  Voltage chain of back-to-back converter 
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Since input as well as output voltage amplitude can vary in case of an AC to AC voltage 
conversion with a back-to-back converter, an additional voltage reserve has to be 
provided. This leads to a higher demand with regard to the voltage amplitude of the DC-
link in comparison to a back-to-back converter system for electrical drives. When used as 
grid emulator the problem even increases. This is because of the intention to map over-
voltages in combination with specific design goals for the output filter that can lead to a 
higher voltage drop across the filter. Figure 6.6 shows the voltages across the components 
of a back-to-back converter setup. 
The adopted AFE is designed for an input voltage range from 342 V to 550 V. Thus, a 
step-up transformer serves as galvanic isolation to further increase the DC-link voltage and 
power rating of the AFE as the maximum AC input voltage of 500 V (+10 % tolerance) is 
chosen. The reference DC-link voltage results in 800 V. This provides a sufficient voltage 
reserve for the design of the four leg output converter. The AFE is equipped with analog as 
well as digital input-clamps and output-clamps that are used for the automation and the 
control of the grid emulator. Normal operation and handling is possible with the support of 
those interfaces. The AFE detects overloads and is turned off in case of a general 
malfunctioning. Additional DC circuit breakers prevent a fault from propagating on the 
DC-link. 
6.2.2.2 Output Stage 
There are two aspects why the DUT-side converter that is part of the back-to-back 
converter setup significantly differs from the design of conventional converters in this 
power range: 
• Four leg converter system (three phases plus controllable neutral point) 
• Switching frequency is comparably high for hard switching operation 
 
Since the grid emulator has to be capable to map fast dynamics – that might be parasitic 
effects of converters being part of the simulated power grid – much higher dynamics at the 
filter output terminals of the grid emulator are needed in comparison to conventional 
converter layouts. At the same time, a high dynamic of the converter implies to increase 
the switching frequency of the semiconductors as well as the cutoff-frequency of the filter. 
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There were two investigated approaches in order to enhance the effective switching 
frequency of the semiconductors. Parallel semiconductor switches can be used to form one 
phase. Then, every single semiconductor switches with a time delay in comparison to the 
other devices forming an interleaved operation. The drivers of the switches have to 
guarantee that all switches are synchronized but equally delayed to one another. In order to 
limit currents that flow between the different semiconductors – as some of the switches are 
ON and some others are OFF – inductances in-between the interleaved switches limit the 
possible current. As a result of this approach, the effective switching frequency increases 
in discrete steps in dependence of the number of parallel switches. 
Moreover, it is possible to use semiconductor switches beyond their intended operation 
region regarding a high switching frequency in combination with a strong limitation of the 
current. With a rise in switching frequency the rate of switching losses approximately 
increases linearly leading to additional thermal stress for the device. As stated the switch is 
operated at a lower current amplitude, In order to comply with the thermal limits of the 
device. This decreases the overall switching losses in two ways. First, as the losses during 
hard-switching depend on the area that is spanned by current raise and voltage fall during 
Turn-On of the device as well as vice versa during Turn-Off. A lower current amplitude 
leads to lower losses. Second, the losses during the conduction phase of the device linearly 
depend on the current amplitude as well. 
The second approach uses semiconductor switches that are operated beyond their intended 
operation region regarding the high switching frequency in combination with a strong 
limitation of the current. With an increasing switching frequency the rate of switching 
losses approximately increases linearly resulting in additional thermal stress for the device. 
As mentioned, the switch is then operated at a lower current amplitude in order to comply 
with the thermal limits of the device. This reduces the overall switching losses in two 
ways. First, a lowering of the current amplitude leads to lower losses during Turn-On of 
the device as well as vice versa during Turn-Off. The losses during those hard-switching 
regions depend on the area that is spanned by the raise of current and the voltage fall. 
Second, the losses during the conduction phase of the device linearly depend on the 
current amplitude. 
Figure A.6 depicts the losses in a semiconductor device during the different operational 
stages. It has to be noted that the losses show trends and strongly depend on the 
technology of the device. Equations (A.17) – (A.19) describe the dependency of the losses 
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in the different operating regions for voltage, current, and duration referring to different 
operational stages of the device [23]. 
 
Figure 6.7:  Scheme of the output filter for the four leg converter 
State of the art semiconductors only show negligible losses during blocking. It has to be 
noted that the time for switching is significantly smaller than the conducting time or 
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blocking time (even in the case of the proposed high switching frequency). A major rise in 
the switching frequency only leads to small decrease in the losses during the conduction 
state. Simultaneously, the switching losses linearly increase. Depending on the direction of 
the current either the semiconductor switch or the antiparallel diode is conducting or 
blocking. Therefore, with the equations presented below the losses have to be calculated 
for switch and diode separately. 
For this approach the combination of driver and semiconductor switch has to be laid out to 
switch at a high frequency that would normally only be used for the case of resonant 
converter operation (with significantly lower losses during switching). However, in this 
approach the converter is operating in a hard-switching setup where the thermal stress of 
the losses to the devices during the switching event is not compensated by additional soft-
switching circuits. The higher overall losses have to be compensated by a largely overrated 
semiconductor device where the maximum allowed current in the converter is much lower 
than the maximum possible current of the semiconductor device. 
For FlePS the two approaches have been compared. As a result the additional hardware 
demand due to the overrating of the semiconductor switches has been preferred to the use 
of an interleaved converter structure. In comparison the latter is resulting in a much more 
complex control and a far more difficult design of the converter. 
The four legs are formed by four individual half-bride IGBT modules with a maximum 
continuous current rating of 400 A. The output converter of FlePS has been designed for a 
maximum permanent operational current of 40 A. The resulting factor of 10 in current 
reduction guarantees the thermally safe operation of the device as the conducting losses 
approximately decrease in the same order of magnitude while the switching losses do not 
change significantly. This is valid since the additional integrated switching losses due to 
switching frequency increase are compensated for the most part by the lower values of the 
individual losses for each switching event. This trend is verified by the characteristics 
stated in the datasheet of the device even though the point of operation can only be 
extrapolated from the documented behavior given in the datasheet. The breakthrough 
voltage of the devices is 1200 V and therefore leaves adequate reserve for the operation 
with a symmetrical DC-link of 800 V. 
The switching frequency is chosen to be 40 kHz. This is significantly higher than it would 
normally be for a hard switching converter of this power range. This allows for a high 
cutoff frequency of the filter that supports dynamics of the overall converter that are a 
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magnitude of scale larger than the dynamics that are supported with DUTs of the same 
power range. The filter with its cutoff frequency of about 4 kHz guarantees for adequate 
damping of the switching harmonics while still being able to map high order harmonics in 
respect to the fundamental power grid frequency as a result of the real-time simulation. 
The output filter was designed to be applied as an LC- or LCL-filter [1]. Depending on the 
type of PHIL interface that has to be realized a voltage mode operation (LC-filter) or a 
current mode operation is chosen (LCL-filter). The filter can be altered and modified via 
electrical clamps while still allowing a custom optimization of the filter design. 
Figure 6.7 shows the layout of the output filter while Table 6.2 lists the parameters of the 
passive components. The parameters are the outcome of the simulations that were done at 
the Institute ACS which are documented in [1] and [124]. The depicted switches represent 
the electrical clamps of the current setup that can be replaced by relays later. All capacitors 
are connected in star despite the possible reduction in the equivalent capacity rating of a 
delta connection (in case of a differential mode filter). By means of the combination of 
grounding of the DC-link midpoint reference and the star point of the output capacitors, a 
full decoupling of the individual phases can be achieved. Moreover, this leads to 
advantages in the design of the converter control as well as a more ideal output behavior. 
Parameter Value 
L1 1 mH 
L2 0.5 mH 
R1 0.5 Ω 
R2 0.5 Ω 
R3 33 Ω 
R4 1 Ω 
C 2 µF 
Table 6.2:  Parameters of the output-filter (equal values for phases a – d) 
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The option to change from LC-filter to LCL filter operation is realized via the switch 𝑆1. 
The total inductance stays unaltered since the point of connection for the capacitance is set 
either in between 𝐿1and 𝐿2 or at the output of their series connection. The switch 𝑆2 
doubles the capacitance by adding in parallel a second, identical C. The switch 𝑆3 choses 
from the two alternative serial resistances 𝑅3 and 𝑅4 in the C-path. The series resistances 
𝑅1 and 𝑅2 can be partially bypassed (the parasitic resistance of the inductances will 
remain). The resistances in the L-path as well as the C-path determine the filter behavior 
and damp the filter resonance [1]. 
6.2.3 Measurement and Control System 
In general the control of converters that is employed in grid emulators is more complex 
than for conventional converter systems. This is due to the fact that the reference signal for 
the controlled output voltage in conventional converters normally is a symmetrical and 
clean reference in contrast to the reference values of grid emulation. Even distorted 
waveforms that occur in case of electric drives in general are more ideal than fault signals 
that result from a grid simulation. Therefore, a control of symmetrical components 
respectively vector control in a moving reference frame (dq-components) does not ease the 
control effort. Additionally, the high switching frequency which is used to increase the 
bandwidth of the converter and the high filter dynamics that occur demand a fast control 
loop. 
As a result of the aforementioned conditions the control of the four leg converter is 
individually executed for each phase on instantaneous values. Thus, there are four parallel 
routines – one for each phase. The control hardware is the dedicated control and 
prototyping platform AixControl which is based on a combination of a DSP and FPGA 
control board. The clock cycle can be set according to the demands of the system that as 
well as the calculation effort. In the standard configuration the device internally sets the 
control loop time step – including the A/D conversion of the measurement signals – to the 
double of the switching frequency. In the given case where the switching frequency is set 
to 40 kHz the resulting control loop speed is 80 kHz. As this is a significantly higher 
sampling rate compared to the cutoff frequency of the output filter adequate performance 
for the control loop is possible. The general layout of the control is sketched in Figure 6.8. 
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Figure 6.8:  Control scheme for the four leg converter 
The sensors that are installed in the LCL / LC-filter to measure the state variables (voltages 
and currents) are closed loop transducers utilizing the Hall Effect. Their bandwidth is 
beyond the clock cycle of the A/D conversion. Thus, the performance of the control loop is 
not restricted. All voltages and currents of the possible filter setups are measured to 
increase the flexibility for the control design. At the Institute ACS, sensor setups have been 
developed to meet the requirements of measurement [17]. 
The measurement transducers have a current driven output that has a better reduction of 
noise injection than a voltage driven output in the given case of a power converter. 
Therefore, the measurement shunt is placed in the signal conditioning boxes that are 
installed in the measurement cubicle. One signal conditioning box is connected to the two 
current measurements and the one voltage measurement of one phase (see Figure A.10). 
The instantaneous values of the sensor signals are directly looped to the control rack’s A/D 
interfaces. Moreover, and RMS-value for every observed variable is derived and is used for 
the general automation of the grid emulator as well as safety functions like temperature, 
overcurrent, and overvoltage protection. 
The RMS results can be shared between the conditioning boxes and a communication 
master. All devices are connected via CAN-bus as its communication speed is sufficient 
for automation tasks while it would not have the performance to be used for control. The 
communication master box collects all RMS-data which can be accessed via a display 
directly at the box. Figure 6.9 depicts the measurement chain of the four leg converter 
setup. While the measurement transducers themselves are directly placed at the point of 
measurement the signal conditioning is realized in a central measurement cubicle placed at 
the front side of FlePS. 
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Figure 6.9:  Conditioning chain for the measuremnt sensors [17] 
Similar to conventional three-phase converter systems the AC output generated with the 
four-phase converter can be shifted in its common potential towards common ground. 
Thus, the utilization of a given DC-link voltage is increased. This is possible since the 
given four-phase converter consists of three controlled phases plus a controlled neutral 
phase. The generated ideal symmetrical voltage system is equal to the one generated with a 
conventional three-phase converter without a controlled neutral phase. In such a case the 
fourth phase’s output vector amplitude is zero. 
The shifting of the neutral point enhances the possible amplitude of the output voltage 
vectors. Figure 6.10 shows the possible shift of the neutral point. However, the approach 
of shifting the neutral point is not suitable in the case of the possible asymmetric output 
voltages that can be generated with FlePS. This is illustrated by the space vectors for the 
voltages at the converter output which are depicted in the figure. Obviously, a lower DC-
link voltage 𝑉DC is necessary to support the same voltage amplitude of the space vectors if 
the neutral reference can shift its potential to ground. This shifting of the output voltages 
in compared to a fixed neutral reference frame is called Space Vector Modulation (SVM). 
Case c shows fully symmetrical voltages of the same amplitude where the highest 
reduction of the necessary DC-link (min. demand) voltage in accordance with a and b can 
be achieved. The case of d with a 180 ° phase shift between two voltages (max. demand) is 
the worst case in which not any reduction through the shifting of the neutral reference is 
possible. 
A converter developed to apply SVM lacks in flexibly to generate asymmetrical voltages. 
Moreover, the shifting of the output voltages is applied to the DUT’s terminals as well. 
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This may cause problems if the device cannot be operated connected to a power grid with 
shifting ground reference. For some devices the shift of the neutral reference leads to 
undesired currents or triggers a fault state. If a galvanic isolation through a transformer is 
inserted in between converter output and DUT the neutral point reference shifting is not 
applied to the device. The calculation of SVM in case of a four leg converter increases in 
complexity as the fourth phase introduces a further degree of freedom [126]. This 
complexity often excesses the performance of state of the art control platforms due to the 
need for real-time calculation in case a software implementation has to be done. Analog to 
the case of three-phase converters there is a carrier-based SVM calculation method that 
performs comparably and which can be implemented in conventional control platforms. 
The implementation of this approach in FlePS has been investigated to increase the 
possible output voltage amplitude on condition that amplitude and phase asymmetries are 
limited. This is only possible if the output voltages for a certain test setup are fully 
deterministic beforehand. Therefore, in the general operation of FlePS a shifting of the 
ground reference is not implemented [1]. 
 
Figure 6.10:  Phase voltages for Space Vector Modulation 
a, b:  Shift of neutral potential;    c,d:  Min. and max. demand for DC-link voltage 
In order to evaluate the performances of alternative control algorithms, different control 
approaches have been developed, compared, and tested [118]. A low power testing 
environment has been developed to verify the design of the controllers (see Figure A.9). 
Table 6.3 lists the control algorithms that have been implemented and used for the test 
environment. The performance of the control algorithm strongly depends on the behavior 
of the DUT as load. 
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Control Algorithm 
LC-Filter 
PID 
PID+PD 
Dead-Beat 
LCL-Filter 
Model-Predictive 
Linear-Quadratic 
Table 6.3:  Overview of investigated control approaches for FlePS [14] 
6.3 MW-Level Grid Emulation 
The realization of a grid emulator for multi-MW-levels introduces challenges due to the 
characteristics of power electronics for high power applications. Main difference to low 
power applications consists of the significantly lower switching frequency arising from the 
technological characteristics of high power semiconductors in combination with a 
commonly used cascading respectively multi-level design of the converter. The lower 
switching frequency results in lower dynamics of the control. 
Power Converter 
As the number of MW-level installations of power electronic converter systems is much 
smaller in comparison to low power levels there is less variety of topologies which are 
available to realize special applications such as grid emulation. MW-level power 
converters can be divided into setups that operate at low voltage and medium voltage 
setups. Low voltage setups are often designed for 690 V which is a commonly used 
voltage level in industry. Regarding grid emulation, it introduces the advantage that most 
WEC operate at that voltage level as well. Therefore, a direct connection to a WEC without 
step-up / step down transformer can be established. Moreover, the reduced safety 
requirement – due to the lower risks of low voltage – in combination with the lower space 
requirements for clearing distances in electrical cabinets eases the setting up of grid 
emulators at low voltage levels. 
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Low MW-class power conversion is usually based on low-voltage power converters. 
Starting from a power level of about 5 MW, conventional converter solutions utilize MV-
setups. This reduces the demand for copper as the ampere-ratings drop while keeping the 
same power rating. Additionally, losses may be avoided and the overall converter 
efficiency increases. This is leading to a lower cooling effort. 
Power converters for higher MW-classes are normally realized by a parallel connection of 
separate power modules where each module takes over a part of the total power rating. 
Identical converter modules then can be installed for a wide range of power setups. This 
approach is driven by the motivation of reducing the product span of high power 
converters while increasing the quantity of production of same types of converter modules. 
The control has to additionally synchronize the individual modules. 
Next to the advantages less topology variants for high power converters, technological 
limits promote such an approach to some extent. Power semiconductors are restricted by 
their maximum voltage and current ratings. Those result from their performance to handle 
thermal stress of losses, their turn-off capabilities for overcurrent, and the maximum 
voltage for blocking operation. The modular approach inherently implies possible 
advantages regarding the potential increase of the effective switching frequency if a 
shifted synchronous switching of the modules is implemented. This can be achieved by the 
parallel operation of power modules in a synchronous, shifted operation with inductive 
decoupling between the parallel modules (see Section 6.2.2). 
An additional challenge arises from the fact that most converters at high power ranges 
serve a controlled current source (with a possible outer cascade loop for power control). 
Either motors or generators are connected to build an electrical drive or current is fed into 
a power grid where the voltage is regarded to be stiff. Even in isolated operation of a back-
to-back setup of power converters without stiff power grid connection – such as for 
example a frequency converter of a ship’s propulsion drive train – both sides are 
connected to an electrical machine. The use of converters of such power ratings to realize 
a controlled output voltage therefore requires adaptation of the filter and the control as 
follows. 
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Filter 
In case of electrical drives the demands for filtering can often be met by a single 
inductance for each phase. Hence, the leakage inductance of the electrical machine reduces 
the required value for the inductance of the filter. Often, the inductances which are 
required for the decoupling during operation of multiple, parallel, un-shifted 
synchronously switching power modules are sufficient as inductance in combination with 
the leakage inductance of the electrical machine itself. The case of a controlled voltage 
source is more complex as the filtering demands an LC-filter setup. The dimensions and 
effort of MW-class filter setups often prevents a realization of more complex filter 
structures. 
The low switching frequency of the semiconductor switches in comparison to lower power 
applications implies more stress on the layout of the filter. Thus, the optimal choice 
regarding the cutoff frequency of the filter is even harder. This results from the fact that 
the frequency range between the desired output dynamics of the filter in reference to the 
necessary damping of the switching transients is significantly lower. 
Control 
The control of high power converter systems extends the range of challenges mentioned 
above. Since the overall dynamics of the converter are significant lower compared to 
lower power ratings, the control reflects those limitations in regard to the dynamics. 
Regularly, the clock cycle of the control is relatively slow and therefore complicates the 
implementation of a control for the use in grid emulators. 
Moreover, the converter is normally designed to feed symmetrical loads. This can be 
reflected in the control approach of the converter that is then based on symmetrical 
components. Hence, the technological setup often is a three-phase system that does not 
allow for a return path of the current over ground potential (as the neutral phase is 
omitted). Reference values of the control are therefore often based on symmetrical 
components where a zero sequence component cannot be realized and is rejected. A 
conversion of values into symmetrical components additionally limits the possible 
dynamics of the system (as described in Section 5.2.1). Moreover, the communication 
protocols connecting the control instances are not designed for a fast transfer of reference 
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values. The case of a grid emulator therefore requires significant tuning of the hardware 
and software features that are available at typical high power converters setups. 
 

 7 NACELLE TEST BENCH AT 
RWTH AACHEN UNIVERSITY 
At RWTH Aachen University a consortium of several research institutes work in close 
cooperation with partners from industry to realize a two stage setup for testing entire WEC 
nacelles. The CWD is in charge for the project’s coordination including test bench 
operation and research work. Stage one is a 1-MW system-level test bench as an 
investigation of feasibility of Multi-Physics PHIL-setup for WECs while stage two extends 
the capabilities of the first setup and is rated for 4-MW. This chapter documents the 
execution of the Multi-Physics PHIL testing according to the approaches that have been 
described in the previous chapters. 
7.1 1-MW Setup 
 
Figure 7.1:  Vestas V52 nacelle on the 1-MW test bench [by: CWD] [73] 
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The 1-MW setup which has been successfully realized within the CWD has been installed 
on a previously existing test bench that was originally designed for the investigations of 
drive trains with focus on off-road applications such as railway applications and 
construction vehicles. The existing test bench limited the possible configurations of a 
system-level nacelle test bench as technical equipment like the converter system had 
already been fully set-up and modifications only were possible within a restricted range. 
The focus therefore was the proof of concept regarding all individual aspects of a multi-
physics system-level test bench while validating the general approach of the overall test 
bench as well. An overview and motivation for the 1-MW setup is given in [73]. 
Figure 7.2 shows the entire setup of the different physical domains with the system-level 
test bench. It can be seen that the mechanical loads are applied to the nacelle via the rotor 
emulator whereas the electrical loads are applied via the grid emulator. The task of 
emulating the actuators and sensors for the controller of the nacelle is directly executed via 
the communication interface. 
 
Figure 7.2:  Schematic overview of the Multi-Physics PHIL test bench 
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The converter systems that are part of the rotor emulator as well as for the grid emulator 
have been used as drive converters for electrical machines in the original heavy duty drive 
train test bench setup. The rotor emulator as combination of two converters with an 
electrical drive stayed unmodified while the four remaining converters that were originally 
connected to one electric machine each have been connected to form the grid emulator 
(see Figure 7.3). Additional filters had to be added to operate the converters in parallel and 
to form a controlled voltage source as described in the following section. 
7.1.1 Electrical Power Hardware in the Loop 
Interface 
 
Figure 7.3:  Overview of electrical PHIL interface [by: CWD] 
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The electrical interface of the 1-MW setup constitutes the bottleneck of the conversion of 
the original drive train test bench into the system-level nacelle test bench. Regarding the 
power converters that are used for the grid emulator the challenges that are described in 
Section 6.3 have to be addressed. 
7.1.1.1 Grid Emulation 
The converters which are combined to form the grid emulator and the rotor emulator each 
have a power rating of 630 kVA with a three-phase output at 690 V. All converters are 
equipped with an internal small output inductance 𝐿1,x =  9 µH which is low in 
comparison to the other inductances of the filter (see Table 7.1). For the 1-MW motor that 
is connected to two power converters (as depicted in Figure 7.3) there is not any additional 
filter installed. In case of the four converters that form the grid emulator additional filters 
are inserted. 
 
Figure 7.4:  Parallel connection of grid emulator converters 
Figure 7.4 shows the parallel connection of the four power converters. All four converters 
– that individually consist of three phases – have separate LC-filters. The filter inductances 
𝐿2,x are significantly larger than the converter inductances 𝐿1,x. The filter capacity 𝐶x 
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represents a combination of delta and star capacitances with additional serial and parallel 
resistances. This is illustrated in Figure 7.5 which depicts the schematic of the three-phase 
capacitive setup for each power converter. One additional inductance 𝐿3,x is inserted in-
between the point of the filter outputs of the four converters and the PCC for the WEC. In 
Table 7.1 the corresponding parameters for the filters that connect the four individual 
power converters to one another forming the grid emulator are listed. All passive 
components are present in all filters for the four individual converters except 𝐿3,x which 
exists only once. The parameters are the outcome of the design process of the power 
converter manufacturer as a result of experiences with previous drive train converter 
installations. 
Parameter Value 
L1 9 µH 
L2 214 µH 
L3 150 µH 
C1 39.8 µF 
C2 333 µF 
R1 18 kΩ 
R2 47 kΩ 
R3 5.4 mΩ 
Table 7.1:  Parameters of the output-filter (equal values for phases a – c) 
In Figure 7.5 it can be seen that the capacitances can be split into a common mode filter 
and a differential mode filter. The common mode filter requires star connected capacities 
where the star point is connected to ground. Regarding the differential mode filtering the 
sum of the currents in the star point is equal to zero and therefore a star delta 
transformation can be applied. This transformation only leads to a fully equivalent 
transformation for three-phase connections if the star point is not connected. With equal 
behavior (and identical filter characteristics) the values of the capacities in delta are one 
third of the values of those in star. This supports a significant reduction in material cost of 
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the capacitors, even despite the fact that they have to be rated for a larger voltage 
amplitude 𝑉delta =  √3 ∙  𝑉star. Thus, in the depicted filter a combination of star and delta 
connection capacities have been applied. The star connected capacities are used for the 
control of the voltage in reference to ground while the delta connected capacities come up 
for the majority of the filter effort. The serial resistance of the delta capacities significantly 
damps the overshoot at resonance frequency. 
 
Figure 7.5:  C-Layout of grid emulator filter 
The parallel converters all switch with the same switching frequency of 2.5 kHz and are 
synchronized. Parallel converters with opposite states of the switches – which is the case 
when a switch of one converter’s output is connected to the DC-link high potential while 
the switch of the other converter’s output is connected to the DC-link low potential – 
generate high loop currents in-between the converters that have to be damped by 
inductances. The inductance 𝐿1,x decouples the two converters of the motor drive. 
In case of the grid emulator the converters are decoupled via the total inductance      
𝐿1,x + 𝐿2,x ≈  𝐿2,x. Both the value of the inductance 𝐿2,x as well as the much smaller 
value of the inductance 𝐿1,x can only guarantee an acceptable low loop current between the 
converters (in comparison to the rated current of the converters) if synchronized un-shifted 
switching is enforced. Random switching would lead to unacceptable high loop currents 
unless much larger inductances would be used. 
The ground concept of the 1-MW grid emulator is illustrated in Figure A.16. In contrast to 
the approach of FlePS where all phases are decoupled as much as possible, the topology of 
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the 1-MW converter setup excludes a similar approach. In the standard configuration of 
the back-to-back converter setup only the grid side is grounded (see Figure A.15). This is 
achieved by grounding the star point of the secondary side of the MV/LV-transformer as 
well as grounding the star point of the common mode input filter of the AFE. The rest of 
the converter setup shifts in reference to ground. In case of a three-phase symmetrical load 
such as regular motor drive the operational range is not limited despite the additional stress 
on the isolation of the components due to the offset voltage shifting. 
When the converter system serves as a controlled voltage source the LC-filter setup has to 
be installed at the output. In dependence whether the phase-to-phase voltages or the phase-
to-ground voltages should be controlled the voltages across the delta connection of 
capacities or respectively the voltage across the star connection have to be controlled. In 
order to prevent a voltage shifting in reference to ground – due to the switching of the 
power converter – star connected capacitors with a grounding of the neutral point have to 
be utilized. This causes a current flow over ground that can entail an inadmissible state of 
operation (as it is the case for the 1-MW converter setup). Both, the star connection of 
capacitors where the star point is not grounded as well as a delta connection of capacitors 
do not lead to a current flow over ground. The shifting of the voltage reference can be 
omitted if an isolating transformer is introduced between filter and PCC. In the given test 
bench setup an additional transformer was not installed to avoid limiting the dynamics of 
the output voltages. Moreover, the phase-to-ground voltages are controlled. To prevent a 
current flow over ground the neutral point of the star capacitors is grounded while the rest 
of the back-to-back setup operates as an isolated grid (see Figure A.16). 
7.1.1.2 Grid Simulation 
The power electronic converter system which is connected to the generator’s terminals is 
controlled by the output of the power grid simulation. The real-time simulation is executed 
in an RTDS-setup. Moreover, RTDS compensates for parasitic effects of the power 
converter system by pre-compensating the expected offset regarding the output. The 
realization of the electrical PHIL interface can be split-up in three general blocks: 
• Real-Time Simulation 
• Grid Emulation 
• Communication Link 
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Figure 7.6 illustrates the arrangement of the three aspects which are listed above. The 
communication link connects the real-time simulation and the grid emulation. The link is 
realized with conventional I/O boards of the RTDS setup (see Section Communication Link 
below). The real-time grid simulation can map any desired power grid as long as its 
complexity is still solvable on the given 8-rack setup of RTDS (see [109]). 
 
Figure 7.6:  Schematic overview of grid simulation and grid emulation 
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In case of simulating FRT breakdowns a stiff voltage source connected to a delta-wye 
transformer with grounded neutral point was modelled in RTDS. This is typical for the 
step-down transformer which is used at the PCC of a WEC setup. The behavior of the 
WEC is fed back into the grid simulation by measuring the currents at the DUT and 
injecting them into the simulation. Figure 7.7 depicts the grid model for the simulation of 
the FRT breakdown. The stiff voltage sources are controlled in RTDS to represent a 
voltage drop according to the desired depth of breakdown. If a more realistic breakdown 
with additional parasitic effects should be realized circuit breakers can be additionally 
modelled. 
As the converter system that is used for the grid emulation is based on a modification of an 
existing drive converter the measurement setup and the control were not designed for the 
control of the output voltage. This limits the performance regarding the accuracy of the 
voltage grid emulator’s control loop. Therefore, during the commissioning of the grid 
emulator, an additional feed-forward loop was chosen as compensation for the voltage 
offset as a function of the load current. 
 
Figure 7.7:  Simulation of FRT breakdown as input for the grid emulator 
Figure A.17 displays the layout of the feed-forward simulation while Table A.2 defines the 
parameters of the components of the setup. The depicted circuit diagram represents the 
LC-filter combination between the output of the power converters and the PCC. The 
model therefore simulates the effect of the load current on the voltage drop over the filter. 
Thus, the currents that are measured at the PCC are fed into the model that runs in real-
time within RTDS. To simplify the simulation, the four parallel LC-filters are represented 
by one single filter. It is postulated that all parallel filters act identical. Hence, virtual 
additional connections in-between the different stages of the filter would not lead to any 
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loop current and then the L and C elements can virtually be regarded to be in parallel. The 
voltage drop over the filter is added to the reference output signal for the grid emulator. 
The simulation of RTDS is based on instantaneous values of electrical quantities. Power 
converters commonly operate in combination with symmetrical loads that are in quasi 
steady-state conditions in regard to the electrical dynamics. Therefore, the control is often 
based on symmetrical components (012-components). For the generation of the according 
reference values, a transformation from instantaneous signal values has to be conducted. 
First, the RMS values and the phase-values of the three-phase-values voltages have to be 
derived (see Figure 7.6). Second, a transformation into symmetrical components 
(Fortescue-Transformation) is necessary. 
For the feedback of the converter values that represent the measurements at the power 
converters (and are available in symmetrical components), the measurement chain has to 
provide the inverse transformation into RMS values and phases, first followed by the 
inverse transformation into instantaneous values that are fed back into the real-time 
simulation of the power grid. All transformations and inverse transformations are 
computed within RTDS. Measurements that come from additionally installed sensors are 
available as instantaneous values and can be directly fed back into the simulation. 
A further limit ensuing from the power converter in the setup refers to the possible output 
voltages that can be set. In the standard configuration of the converter the drive-side 
respectively DUT-side voltage potentials are floating (see Figure A.15). Therefore, a 
control of voltages always refers to the phase-to-phase voltages. Moreover, only the 
positive sequence as well as the negative sequence of the symmetrical components can be 
mapped. 
The zero sequence has to be neglected. This is achieved within the grid simulation. Yet, it 
can be expected that this inaccuracy is not relevant compared to the absolute voltage 
values that appear in the simulation. On one hand, the load – being the electrical drive of 
the WEC – is highly symmetrical. On the other hand a zero sequence component of a 
failure only applies if the failure is located in-between the secondary side of the fed-in 
transformer and the PCC. A failure on the primary side cannot advance to the secondary 
side of the transformer since this is prevented by the isolation transformer. 
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Figure 7.8:  Overview of fault states in symmetrical components 
dotted vectors: original components    
solid vectors: resulting components    
All models within RTDS as well as the Fortescue-Transformation are executed at a time 
step of 50 µs. The D/A and A/D transformation runs at this time step as well. The 
transformation into symmetrical components shows low-pass behavior as described in 
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Section 5.2.1. Figure 7.8 shows the symmetrical components for normal operation and 
fault conditions in case a delta-wye transformer is used at the PCC. The voltage 
breakdown occurs of the primary side of the transformer. 
The characteristics of the fault propagation from primary to secondary side of the 
transformer at the PCC are investigated to state the irrelevance of neglecting the zero 
sequence component for the reference values of converter system. This can be verified, 
when looking at symmetrical components for various faults as shown in the figure. 
Symmetrical components originate from fault state investigation of power systems. 
However, such analysis expects quasi-steady-state conditions. This is the case in 
conventional power systems for the time of the fault. 
In Figure 7.8 five categories are depicted: 
• D  –  Phase to phase voltages at the delta primary transformer terminals 
• Y  –  Line voltages at the star secondary transformer terminals 
• 1  –  Positive sequence main vector of the relevant operation case 
• 2  –  Negative sequence main vector of the relevant operation case 
• 0  –  Zero sequence main vector of the relevant operation case 
 
The symmetrical components depicted in Figure 7.8 are built with the transformation of 
Equations (7.1) – (7.3) [102]: 
�
𝑉1,1
𝑉1,2
𝑉1,0�  =  13 ∙ �1 𝑎 𝑎
21 𝑎2 𝑎1 1 1 � ∙ �
𝑉1s
𝑉2s
𝑉3s
� (7.1) 
 
𝑎  =  𝑒j120° ,     𝑎2 =  𝑒j240° (7.2) 
 
𝑉2,1  =  𝑎2 ∙ 𝑉1,1 , 𝑉3,1  =  𝑎 ∙ 𝑉1,1   
𝑉2,2  =  𝑎 ∙ 𝑉1,2 , 𝑉3,2 =  𝑎2 ∙ 𝑉3,2 (7.3) 
𝑉1,0 =  𝑉2,0  =  𝑉3,0 
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The symmetrical components are an indication on how unsymmetrical the three-phase 
voltage system is. Four cases are shown in Figure 7.8. The first case is the fully symmetric 
voltage system in normal operation. It can be see that only the positive sequence 
component is present as the system does not contain any asymmetry. The second case 
depicts a two-phase fault with a voltage breakdown to 50 % of Vn. The failure leads to a 
decay in the positive sequence and a negative sequence component. 
The third case is a one-phase fault – again with a voltage breakdown to 50 % of Vn – and 
behaves similar with a smaller amplitude both for the positive sequence and the negative 
sequence. As last case a random fault is depicted of a two-phase fault with a voltage 
breakdown to 67 % of Vn with -30 ° phase shift and a voltage breakdown to 33 % of Vn 
with -60 ° phase shift. Again, positive sequence and negative sequence are both present 
that both are shifted in phase. 
All failures show that through the use of a delta-wye transformer any case of voltage 
system that is present at the primary windings leads to a voltage system on the secondary 
windings that always only consists of positive sequence and negative sequence. A zero 
sequence cannot be generated by any combination of voltages on the primary side. This is 
due to the fact that the primary windings are connected in delta and the phases to phase 
voltages V13p – V31p always sum up to zero due to the delta-star dependence. Therefore, all 
primary side faults at the PCC of the WEC can be fully applied with the test bench which 
simulated the behavior of the transformer. The two-phase failure is the relevant test for an 
unsymmetrical breakdown for FRT investigations. A deeper reflection of unbalanced 
voltage dips in symmetrical components is discussed in [19]. 
7.1.1.3 Communication Link 
The communication interface between RTDS and the power converter is realized through 
RTDS interface boards. The interface boards can be connected to individual processor 
cards of RTDS or can be arranged in a daisy chain setup. In the case of the given test setup 
a dedicated connection between a Processor Card and the A/D Converter Card is 
established while the D/A Converter Card is looped in a daisy chain setup (see Figure 7.9). 
Both I/O cards work at a 50 µs time step. Within one timeframe the analog output signals 
are sent and received as well as values are fed out and fed back into the real-time 
simulation. 
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The communication in-between RTDS and between RTDS and its I/O cards is conducted 
with a fiber optics Ethernet connection. The D/A Converter Card is placed in the central 
control cubical of the power converter. Within the controller cubical the reference signal is 
transferred as symmetrical components on dedicated individual analog connections. The 
sensors for voltage and current measurements are located at the PCC of the WEC to be 
tested. Measurement transducers (see Figure A.24), signal conditioning (see Figure A.25), 
and the A/D Converter Card (see Figure A.23) are placed in the ground controller cabinet 
(see Figure A.22) that is situated on the test bench next the DUT. 
 
Figure 7.9:  Real-time communication setup 
The dedicated communication link described above is dedicated for the electrical PHIL 
interface. The mechanical PHIL interface as well as the signal-level interface is connected 
to a CAN-bus and direct analog connections for the exchange of simulation values and 
measurement results. The connection to the Data Acquisition (DAQ) System is realized 
with coaxial cables. The DAQ System is described in Section 7.1.4. 
7.1.2 Mechanical Power Hardware in the Loop 
Interface 
The mechanical interface to the PHIL simulation is formed by the combination of an 
electrical motor drive and an LAS. In comparison to the electrical PHIL interface the 
mechanical side can be characterized by lower requirements regarding the time step for 
real-time simulation as well as the communication link speed. Nevertheless, challenges 
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arise from the need to map loads that occur in MW-level WECs. Even with the smaller 
time steps of the mechanical PHIL interface of ms and s a dynamic load application is not 
trivial especially with the given amplitudes of load application. A description of the 
mechanical setup can be found in [73]. 
Wind Field Simulation 
The real-time simulation for the mechanical side is implemented in a dSPACE setup and 
contains the task of simulating the wind field and the rotor aerodynamics as well as the 
modelling of sensors of the nacelle that cannot be operated at a test bench setup. Similar to 
the electrical real-time simulation which is computed in the RTDS setup the deviation of 
reference values for load application and actual applied load is accounted for [75].  
Tasks of the Wind Field Simulation: 
• Generation of the Wind Field Behavior 
• Calculation of the Loads at the Rotor Blades 
• Compensation of Parasitic Effects 
• Control of the Drive Train 
 
The simulation of the wind field and the aerodynamics at the rotor is conducted by 
applying the Blade Element Momentum Theory. It is based on the Blade Element Theory 
but also refers to the Momentum Theory. This is the commonly used approach to model the 
behavior of the air flowing around the rotor blades of a WEC. For the use in real-time 
simulation the complexity of the modeling has to be reduced [82]. 
The generation of the wind field is done with the mean wind speed amplitude and 
turbulence intensity as an input. To ease the simulation effort, the rotor plane is divided 
into areas where a common wind speed situation applies. Obviously, the size of the areas 
and the resulting total number of areas directly influences the calculation effort. 
The wind speed in combination with the pitch angle as well as the rotational speed of the 
rotor blades is taken into account to calculate the forces and torques that apply at the rotor 
blades. These are divided into modeling sections. The integration of the load situation at 
the rotor blades leads to the total loads at the rotor hub. 
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The drive train of the given test setup – consisting of the electrical motor, a slave gearbox, 
the rotor hub, and the drive train of the WEC – has resonant frequencies that are excited 
during test operation. The inertia of test bench setup moreover deviates from an in-field 
setup since the weight of the rotor is missing and is not fully compensated by the motor 
and slave gearbox combination either. Therefore, an emulation of the rotational inertia is 
included in the mechanical simulation. Furthermore, the rotational impulse of the drive 
train is controlled in order to improve the accuracy of the load application. The approach is 
described in detail in [81] and [82]. 
Load Emulation 
The reference values of the forces and torques that result from the wind field simulation 
are the inputs to the load emulation. At the rotor hub this emulation can be split up in the 
generation of the torque and the generation of the moments and forces. 
 
Figure 7.10:  Mechanical PHIL interface: load application system [D. Radner, CWD] 
The torque is generated with an electrical drive. Figure A.19 depicts the drive train. 
Moreover, the moments and the forces are realized with the LAS. Figure A.18 shows the 
LAS with its hydraulic cylinders. The points of application of the loads can be seen in 
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Figure 7.10. All forces and moments are applied to a virtual load point at the center of the 
rotor hub. 
The high torque in combination with the spinning shaft of the rotor hub requires an electric 
motor drive that is either realized as Direct Drive or as a motor gearbox assembly. The 
latter solution was chosen at the given test bench. The slave gearbox which is used adapts 
the rated rotational speed of the electrical motor of 1800 rpm to the rotational speed of the 
rotor hub of 29 rpm. The gearbox is identical to the one which is installed for testing in the 
Vestas V52 WEC. However, in difference the gearbox in the wind turbine is equipped with 
numerous sensors (see Section 7.1.4). The low displacement in combination with the high 
moments and forces at the rotor hub and their periodic load cycles can be satisfactory 
mapped with an LAS that is built by an assembly of hydraulic actuators and backlash-free 
bearings [75]. 
The electric motor supports a maximum torque of 395 kNm at the low speed side of the 
gearbox up to the rated rotational speed. Figure 7.10 depicts the load triangle which is 
connected to four hydraulic cylinders – with 160 kN of nominal force each – that can be 
individually controlled. As a result of the point of application at the shaft of the drive train 
up to 480 kN of thrust, up to 168 kNm of pitch moment, up to 194 kNm of yaw moment 
and a radial force of up to 200 kN can be applied [131]. 
7.1.3 Signal-Level Interface 
One main goal which was set during the design of the test bench has been the possibility to 
operate the controller of the nacelle without any modification. This approach requires 
supplying signals to the DUT which are necessary for its normal operation. Predominantly, 
the required signals for operation are composed of signals for the yaw system, the pitch 
system, as well as the vane and the anemometer. 
 
Figure 7.11:  Yaw emulation of for the nacelle [U. Jassmann, CWD] 
The yaw system has to be emulated because a yaw movement of the nacelle is not 
intended on a test bench. Nevertheless, an offset of the direction of the turbine and the 
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direction of the wind should be possible to investigate since this leads to unsymmetrical 
loads onto the rotor and typical stress conditions. Therefore, the behavior of the yaw 
system is modelled. Figure 7.11 shows the simulation loop for the yaw system. The 
voltage 𝑉cw is the command for the clockwise azimuth moment while the voltage 𝑉ccw 
commands the counterclockwise azimuth movement. The behavior of movement in both 
directions regarding its functional chain from the torque 𝜏 to the azimuth position 𝛾 is 
identical in regard to its dynamics. The rotational speed 𝜔 accounts for the inertia of the 
nacelle. The encoder indicates the azimuth position of the turbine with the according 
voltages 𝑉yaw,1 …𝑉yaw,n. 
The pitch system as it is realized at the test bench setup with the given type of WEC is a 
combination of a hardware pitch system and pitch simulation. The pitch cylinder was 
originally operated at the test bench setup by using the hydraulic system of the nacelle. As 
the dynamic performance turned out to be much faster in comparison to the in-field setup – 
due to the missing inertia of the rotor blades – a full emulation of the pitch system is 
carried out. The realistic behavior of the pitch system is important to map the correct 
dynamics of the torque control loop of the nacelle. Through pitching an equilibrium of 
electrical torque at the generator and mechanical torque at the rotor hub is achieved for the 
entire range of operating conditions. 
 
Figure 7.12:  Pitch emulation of for the nacelle [U. Jassmann, CWD] 
Figure 7.12 shows the scheme of the pitch emulation. There are two ways to regulate the 
pitch mechanism. The first represents the normal operation of pitching the blades 
according to the optimal working point. As a second option – in case of an emergency – a 
fast pitching of the blades out of the wind exploits the rotor as aerodynamic brake. The 
voltage 𝑉ctrl is applied to the hydraulic valve of the pitch cylinder which has a threshold. 
The pressure 𝑝 is moving the cylinder leading to a displacement 𝑥. A spring damper 
system represents the pitching movement of the blades – resulting in the pitch angle 𝜑. In 
case of an emergency a valve is opened that quickly releases the high pressure within the 
pitching cylinder. This behavior is modelled by an additional loop that feeds back the 
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displacement 𝑥 with a high gain while the reference value is zero. A sensor converts the 
pitch angle 𝜑 into the measurement voltage 𝑉sense that is fed back to the wind turbine’s 
controller. 
7.1.4 Device Under Test 
The nacelle which was used for the commissioning of the 1-MW test bench is taken from a 
Vestas V52 WEC. It has a nominal power of 850 kW and is based on a DFG concept with 
common pitch control of the rotor blades. The wind turbine was in operation for about ten 
years before it was replaced with a higher rated model to further utilize the profit-yielding 
location of the in-field setup. The components within the nacelle still are the original set 
with the exception of the gearbox that has been replaced by a model with a high number of 
sensor installations. Figure 7.13 shows the nacelle connected to the PHIL interfaces of the 
test bench setup. As the hull of the nacelle is removed its entire drive train can be seen. 
The setup has a tilt angle of 6 ° that is equivalent to the in-field condition. 
 
Figure 7.13:  Drive train of the V52 nacelle [by: CWD] 
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The Vestas V52 WEC has a rotor diameter of 52 m and, in Germany, is placed on towers 
with a range of height between 60 m – 86 m. The wind turbine is rated for an annual 
average wind speed of 10 m/s and can operate for wind speeds of 4 m/s – 25 m/s. The 3 s 
50-year-maximum wind speed reference for the structural design amounts to 70 m/s. The 
nominal output power is achieved for wind speeds of 15 m/s and more. Rated speed of the 
drive train at the rotor hub is 26 rpm with a speed range of 14 rpm – 31.4 rpm. 
The gearbox is realized as a 3-stage setup with a ratio of 1:62. The generator is rated for 
736 A with a nominal speed of 1620 rpm. The rated power which is transferred through 
the stator windings is 800 kW while 50 kW can be transferred with the frequency 
converter of the DFG setup. At a maximum the inrush current ratio is 7, for normal 
operation the power factor amounts to 0.91. The weight of the nacelle is 22 t while the 
rotor has a mass of 10 t and the tower for the given height weights 70 t – 111 t. 
The stator terminals of the DFG in the V52 nacelle can either be connected in delta or in 
star. At low wind speeds the generator is connected in star allowing for a maximum 
generator power output of about 450 kW. Star connection is chosen for lower rotor speeds 
as at a given slip frequency the induced voltage in the rotor equals to 
𝑉𝑠𝑡𝑎𝑟  ≅  0.577   𝑉𝑑𝑒𝑙𝑡𝑎. For a delta connection of the generator’s terminals at low rotor 
speeds the high slip frequency would cause an induced voltage in the rotor side that would 
be too high for the given voltage rating for the DC-bus of the DFG converter. For higher 
wind speeds the generator is configured in delta supporting the maximum power rating 
through decreasing the stator currents 𝐼𝑑𝑒𝑙𝑡𝑎 ≅  0.577  𝐼𝑠𝑡𝑎𝑟 and allowing for the 
maximum generator power output of 850 kW. The connection type changes during 
operation if the wind speed changes. In case the WEC starts its operation after a stop the 
type of connection is chosen according to the given wind situation. 
Measurement System of the Device Under Test and the 
Test Bench Setup 
One major advantage of test bench investigation of WECs is the possibility to realize a 
complex measurement setup which would virtually be impossible to install in-field due to 
accessibility issues. At the given nacelle setup a total number of 106 sensors are installed. 
All sensors are linked to a DAQ system that records the overall behavior of the nacelle as 
well as the test bench. 
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The DAQ system consists of sensor classes sensors that are sampled at different 
frequencies according to the demands of the involved physical domains. A general 
sampling rate of 1 kHz is used for mechanical sensors. The electrical sensors operate at a 
sampling rate of 20 kHz. Table 7.2 gives an overview of the sensors which are installed at 
the test bench setup. A picture of the DAQ system is given in Figure A.27. 
Additionally, electrical sensors are connected to oscilloscopes and mechanical sensor 
information is shared via the CAN-bus of the test bench to be used in the automation of the 
setup. The models of the sensors and DAQ interfaces are described in [72]. There are two 
aspects that the sensors are deployed for: 
Tasks of the Measurement System: 
• Investigation of the DUT 
• Automation and Control of the Test Bench 
 
Sensors 
Type Nr. 
Speed 11 
Acceleration 48 
Torque 3 
Force, Moment 6 
Displacement 5 
Temperature 11 
Electrical 16 
Miscellaneous 6 
Table 7.2:  Test bench sensor setup [72] 
The most sensors are installed for the measurements of accelerations. This is due to the 
large number of measurements that have to be taken in the gearbox for a detailed 
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investigation of its components. The electrical sensors which are installed are used for the 
measurements of currents and voltages at the PCC as well as for the measurement of the 
currents and voltages at the rotor terminals of the generator and the frequency converter 
setup. 
Even though the sensors that are installed in the setup are not calibrated for certification 
tasks, the precision of these sensors would clearly fulfill the requirements (Section 5.2.1). 
Since a steady state as well as dynamic behavior has to be investigated, the sensors feature 
a high bandwidth of at least 100 kHz with 0.5 % accuracy. The sensors are closed-loop 
transducers that exploit the Hall Effect. Therefore, AC and DC components can be 
measured. 
The sensor installation at the PCC is shown in Figure A.24. The sensors have a current 
driven output to minimize the noise coupling onto the output signals. A signal 
conditioning stage is necessary to convert this current driven output to the voltage at the 
input of the A/D Converter Card (shown in Figure A.23) which is the interface to the real-
time simulation. In Figure A.25 the signal conditioning stage with the measurement shunt 
resistors is shown. The entire measurement chain is designed to be able to map a 
significant overshoot of the currents and voltages at the PCC. This reflects the need to 
measure values above nominal rating that occur during regular test scenarios because fault 
behavior of the turbine is an intended investigation. 
7.2 4-MW Setup 
As stage two of the test bench combination that is realized at RWTH Aachen University a 
4-MW setup is built which is designed from scratch. Figure A.60 depicts a rendering of the 
second test bench stage. Clearly, the structure of the drive drain can be seen with a direct 
drive electric motor applying the torque at the rotor hub in combination with a LAS 
responsible for the application of moments and forces. 
The 4-MW test bench is a follow-up development of the 1-MW setup. Experiences from 
the construction and operation phase were used for the latter test bench. Moreover, a 
dedicated building and testing environment is realized which supports areas for 
preconditioning and preparation of the nacelles that are to be tested. The bottom-up design 
of the stage two test benches inherently implies the most significant difference to the first 
test bench in regard to the planning phase. 
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Table 7.3 compares the two stages of the nacelle test benches in respect to their 
characteristics of performance. The two test setups can be evaluated by the mechanical and 
electrical PHIL interfaces. Therefore, the table is split-up accordingly. The electric motors 
that generate the torque at the two drive trains are compared regarding power, torque and 
speed. For the 1-MW drive train the values refer to the low-speed side of the motor-
gearbox-combination. A tendency that can be seen for most of the range of the physical 
interface quantities in regard to performance can already be seen when comparing the 
torques of the two test benches. While the ratio of rated power is four other loads increase 
by a factor of up to ten. This allows for a larger reserve regarding flexibility in testing 
stress and overload conditions. Moreover, the electrical motor of stage two can be operated 
at a power output of 5 MW for 60 s. 
Test Bench Performance (“*”:  Expected Values) 
 Power 1 MW 4 MW 
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Electric 
Motor 
Torque 395 kNm 2.7 MNm 
Speed 29 rpm 30 rpm 
Load 
Application 
System 
Thrust 480 kN 4 MN 
Pitch Moment 168 kNm 7.2 MNm 
Yaw Moment 194 kNm 7.2 MNm 
Vertical Force 200 kN 3.25 MN 
Horizontal 
Force  –  3.25 MN 
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Power 
Converter 
System 
Total Power 2.5 MW 21 MW * 
Switching 
Frequency 2.5 kHz 800 Hz * 
Parallel 
Converters 4 3 * 
Table 7.3:  Comparison of 1-MW and 4-MW test benches 
For the case of the LAS the situation is similar. Moreover, the 4-MW setup has the 
additional capability of mapping a horizontal force through a further degree of freedom 
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regarding the load application. The ratio of installed converter power and rated nacelle 
power is significantly larger. The lower switching frequency of the converters is 
compensated by synchronous shifted switching operation of the individual converter 
modules. 
As stated in Section 3.2 the average power for on-shore WEC is expected to settle around 
3 MW. This trend has set the motivation to rate the second stage of the test bench setup for 
4 MW. Focus of the test installation therefore will be the investigation of on-shore wind 
turbines. 
 
 8 EXPERIMENTAL VERIFICATION OF 
THE 1-MW SETUP 
The 1-MW multi-physics system-level nacelle test bench at RWTH Aachen University has 
been designed as a proof of concept for nacelle testing based on PHIL investigations. This 
research task has been conducted with one type of WEC nacelle. As reference case 
investigations on a Vestas V52 nacelle were performed. The commissioning of the test 
bench as well as the research on the nacelle was carried out with the same setup. 
This chapter presents the results that were obtained during the operation of the test bench 
with the V52 nacelle. A focus is set on the investigation of the electrical domain. 
Therefore, the behavior of the power converter as electrical PHIL interface will be 
considered in detail. Nevertheless, the behavior of the mechanical PHIL interface as well 
as the system-level behavior of the entire test bench will be presented. The research that is 
done with the test bench and the nacelle can be divided in examinations of conditions that 
occur during the normal operation of a WEC and the conditions that occur in case of a 
fault. The latter circumstance involves significant stress to both test bench and DUT. Thus, 
the limitations of the setup become evident. 
8.1 Operation Under Normal Conditions 
The testing that was conducted for normal operation modes aimed at bringing the nacelle 
into the full range of operational states that result from the conditions in the field. It is of 
central interest whether the PHIL testing emulating the field conditions leads to a 
comparable behavior of the nacelle in-field as well as on the test bench. 
A key indicator to demonstrate this correlation is the measurement of the output power of 
the nacelle in dependence of the wind conditions. Figure 8.1 depicts the power curve that 
was obtained on-site by Vestas and the measurement of the behavior at the 1-MW test 
bench setup. Apparently, the two characteristics match fairly well. 
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Figure 8.1:  Comparison of the power behavior – test bench vs. field data [by CWD] 
At the power range of 800 kW to 850 kW, there is a difference between the two curves. 
This is due to the limitations of the 1-MW test bench setup. The torque limitation of the 
motor drive that is connected to the rotor hub of the nacelle does not permit the full torque 
resulting from the aerodynamic simulation at very high wind speeds. Moreover, there are 
losses in the slave gearbox and bearings that further reduce the possible power output of 
the mechanical PHIL interface. Those losses can be pre-compensated as long as the limits 
of the electrical motor are not reached. 
Load Application Emulation 
Figure 8.2 shows a typical behavior of the bending moments and the thrust that can be 
applied with the LAS at the rotor hub. The characteristics regarding each degree of 
freedom for the load can be observed. Most striking is the periodic appearance of the 
tower dam and the effect on the load of the rotor blade which is in front or close to the 
tower. The backing up of air in front of the tower leads to reduction in wind speed which 
decreases the forces onto the rotor blade that passes the tower. Therefore, the bending 
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moment 𝑀y reaches its peak every time a rotor blade passes the tower. In general, both the 
bending moment 𝑀z as well as the thrust 𝐹x are influenced by the tower dam and exhibit a 
periodic behavior coherent to the peaks of the bending moment 𝑀y. Nevertheless, in 
amplitude the influence is much smaller. 
 
Figure 8.2:  Typical behavior of forces and moments at the rotor hub (see [131]) 
 
Figure 8.3:  Comparison of reference and actual bending moment (see [131]) 
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In Figure 8.3 the reference value for the bending moment 𝑀y,ref and the actual bending 
moment 𝑀y at the rotor hub are contrasted. This moment has been chosen for the 
comparison as it displays the highest dynamics and therefore indicates the performance of 
the LAS. Clearly, the load application can follow the reference value quite well for most 
parts with the exception of the reference signal’s peaks. Moreover, a slight overshoot and 
swing is observed in cases where the amplitude of the moment’s reference sharply 
decreases. 
 
Figure 8.4:  Performance of the test bench drive train controller (based on [82]) 
As described in Section 7.1.2 a control loop has been implemented in order to increase the 
accuracy regarding the application of torque at the rotor hub. Figure 8.4 shows the 
performance of the applied control approach by comparing the uncontrolled and the 
controlled accuracy of the torque. It can be observed that the oscillation of the torque 
applied is damped significantly. Moreover, the decay time clearly shortens. 
A typical starting and operation procedure of a WEC is depicted in Figure 8.5. The most 
interesting values for the general illustrated operation are: Wind speed, pitch angle, rotor 
speed, torque, and electrical power. The first three variables are relevant for the 
aerodynamic behavior of the wind turbine as shown in the upper part of the figure. The 
rotor speed and pitch angle are controlled by the wind turbine according to the point of 
most efficiency for the WEC depending on the wind speed. The lower part of the figure 
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shows the electrical output power and the rotor torque. The output power correlates with 
the rotor speed as well as the rotor torque. 
 
 
Figure 8.5:  Example of the operation cycle of the V52 nacelle [by CWD] [75] 
At time 𝑡1 = 0 s the wind speed has reached 7 m/s without any additional turbulence. The 
WEC is manually set to standby awaiting the starting signal for the ramping up of power. 
During that phase the pitch angle is 90 ° (aerodynamic breaking position) and the rotor 
stands still. At 𝑡2 ≅  15 s the wind turbine is started. As the pitch angle decreases the rotor 
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speed increases. When the rotor speed reaches about 20 rpm the WEC initiates the 
synchronization procedure to connect the generator. This occurs at 𝑡3 ≅  60 s. Again, the 
pitch angle is increasing as the rotor speed picks up. At 𝑡3 the pitch angle amounts to 
approximately 11 ° and therefore has a significant reserve for decreasing the pitching when 
the generator is connecting and the rising torque on the generator side causes an inequality 
of torques at the drive train. That way, the rotor speed can be kept fairly constant. As a 
result of connecting the generator to the grid the electrical power injection starts. For the 
given wind speed of 7 m/s the stable point of operation settles at about 200 kW of power 
injection with a rotor speed of about 21 rpm and a pitch angle of about – 2.5 °. 
At 𝑡4 ≅ 80 s a turbulence intensity of 15 % is added to the wind speed. The volatility in 
wind speed leads to a ripple in the torque accompanied by a smaller ripple in rotor speed 
which is damped by the inertia of the rotor. The electrical power almost stays constant 
since the control loop of the generator is much faster than the dynamics of change 
regarding the turbulence. Thus, the electrical output power is stabilized. At 𝑡5 ≅ 110 s the 
wind speed increases to 10 m/s. Hence, the rotor speed rises simultaneously. 
The controller of the WEC constantly adjusts the pitch angle in a way that the wind turbine 
is operated at the maximum power point for the given wind speed with the corresponding 
rotor speed. As long as this operation mode is not achieved and the rotor accelerates or 
decelerates the pitch angle is permanently adapted. Therefore, the pitch angle always is 
adjusted as a function of wind speed and rotor speed. In steady state operation with a wind 
speed of 10 m/s, the pitch angle has to be increased in comparison to the operation point of 
maximum efficiency. This reflects the fact that the electrical output power has to be 
limited to 450 kW if the generator terminals are connected in star (see Section 7.1.4). As in 
this case the pitch angle is higher than necessary for the point of maximum power output, 
the related angle of the rotor blades causes a lower aerodynamic performance. The rotor 
speed at this point of operation is 26 rpm. 
For a higher power output the generator has to switch from star to delta. Before the WEC 
controller changes the type of connection the wind conditions have to maintain at 
conditions allowing for a delta connection. The time before the change in the electrical 
connection is undertaken depends on the control strategy. At 𝑡6 ≅ 180 s the wind turbine 
has reached this state and the controller ramps down the electrical power to prepare the 
transition from star to delta. Since the torque load is reduced to the losses of the drive train 
during the switching process, the pitch angle has to increase further leading to an 
additional reduction of aerodynamic performance of the rotor blade and a quasi-stable 
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point of torque equilibrium. The rotor speed decreases slightly to 23 rpm due to an 
overshoot in pitching compensation. As soon as the switching and resynchronizing of the 
generator is accomplished, the electrical power injection in ramped up again while the 
pitching angle decreases to its value for optimal operation. The rotor speed reaches 26 rpm 
again while the electrical output power is 530 kW. 
At 𝑡7 ≅ 240 s the wind speed is further increased to 15 m/s. This wind condition permits 
the nominal operation of the V52 wind turbine (94 % of full load reflecting the limits of 
the test bench). Thus, 800 kW of electrical power are fed into the PCC. A torque of 
32 kNm is applied at the rotor hub at a speed of 26 rpm and a pitch angle of about 10 °. A 
further rise of the wind speed would lead to an increase of the pitch angle reducing the 
aerodynamic performance of the rotor blades and keeping the output power constant. If the 
wind speed exceeds 25 m/s the wind turbine turns off for protection. 
In nominal operation a FRT-conform fault is applied to the WEC. At 𝑡8 ≅ 280 s the sharp 
FRT voltage breakdown causes the wind turbine controller to trip the main circuit breaker 
of the generator and disconnect the wind turbine. This causes an instant decrease of the 
electrical power output to 0 kW resulting in a significant torque surplus at the drive train. 
Therefore, the rotor speed increases. Simultaneously, the detection of the voltage fault 
provokes the emergency pitching to 90 ° which results in a decline of the torque to about  
– 11 kNm due to the aerodynamic breaking characteristic of the rotor blades at high pitch 
angles. The latency which is induced through the pitching mechanism leads to an 
overshoot of the rotor speed to slightly above 28 rpm before a negative torque applies at 
the rotor hub and decreases the rotor speed. Within 5 s the rotor is brought to a full stop. 
The fault at the turbine has to be cleared manually before the WEC begins with the start-up 
procedure again. 
8.2 Fault Ride Through Testing as 
Example of Fault Operation 
The last condition of the reference operation that is shown in Figure 8.5 already resembles 
a fault state for the wind turbine. The focus of this section is laid on the investigation of 
the fault generation at the test bench and the fault behavior of the WEC. Inquiries of failure 
behavior represent one of the key motivations for system-level testing of wind turbines. In 
the following the focus is put on FRT testing as it is the most demanding fault regarding 
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the electrical side of the WEC and defines the technical challenges for the design of the 
wind turbine. This section is split-up into FRT testing at low load conditions that 
investigates the performance of the test bench itself (see Section 8.2.1) and FRT testing at 
nominal load conditions to examine the nacelle’s behavior (see Section 8.2.2). 
The FRT testing is conducted according to the requirements for FRT certification even if a 
certification cannot be accomplished with the present test bench. However, the range of 
tests provides a good indication of the performance of the test bench as well as of the 
DUT. In the following an overview of the tests which are conform to FRT standards is 
given. In order to reduce the complexity of the gained results, this chapter only depicts the 
most interesting cases of the testing. Nevertheless, the figures that are shown in the 
following two sections only partly illustrate the investigations that have been performed. 
Yet, the missing results of testing are depicted in the Appendix A.5. Table 8.1 lists the 
tests which are considered in this chapter. The additional outcomes which are illustrated in 
the appendix are itemized in Table 8.2. The voltage breakdown is weighted in relation to 
the nominal voltage Vn at the PCC of the WEC. 
Test Nr. Type of Test Results Shown in 
1 Symmetrical, Low Load, 80 % Vn 
Figure 8.6, 
Figure 8.7 
2 Symmetrical, Low Load, 0 % Vn 
Figure 8.8, 
Figure 8.9 
3 Symmetrical, High Load, 75 % Vn 
Figure 8.10, 
Figure 8.11 
4 Symmetrical, High Load, 0 % Vn 
Figure 8.12 
Figure 8.13 
Table 8.1:  Overview of FRT results given in Section 8.2 
Tests 1 – 4 focus on symmetrical FRT voltage breakdowns. For low load conditions (about 
20 % of nominal power) as well as for high load conditions (about 94 % of nominal 
power) a slight voltage reduction and a severe voltage breakdown are shown. For every 
test the three-phase voltages and the three-phase currents are depicted. Both, currents and 
voltages are measured at the PCC which is located in the ground controller cabinets of the 
nacelle under test. Tests 5 – 7 show the missing results for the symmetrical voltage 
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breakdown at low load conditions. Unsymmetrical low load voltage breakdowns are 
illustrated in tests 8 – 11. High load conditions are given in tests 12 – 17. 
Test Nr. Type of Test Results Shown in 
5 Symmetrical, Low Load, 90 % Vn 
Figure A.28, 
Figure A.29 
6 Symmetrical, Low Load, 50 % Vn 
Figure A.30, 
Figure A.31 
7 Symmetrical, Low Load, 20 % Vn 
Figure A.32, 
Figure A.33 
8 Unsymmetrical, Low Load, 80 % Vn 
Figure A.34, 
Figure A.35 
9 Unsymmetrical, Low Load, 50 % Vn 
Figure A.36, 
Figure A.37 
10 Unsymmetrical, Low Load, 20 % Vn 
Figure A.38, 
Figure A.39 
11 Unsymmetrical, Low Load, 0 % Vn 
Figure A.40, 
Figure A.41 
12 Symmetrical, High Load, 50 % Vn 
Figure A.42, 
Figure A.43 
13 Symmetrical, High Load, 20 % Vn 
Figure A.44, 
Figure A.45 
14 Unsymmetrical, High Load, 75 % Vn 
Figure A.46, 
Figure A.47 
15 Unsymmetrical, High Load, 50 % Vn 
Figure A.48, 
Figure A.49 
16 Unsymmetrical, High Load, 20 % Vn 
Figure A.50, 
Figure A.51 
17 Unsymmetrical, High Load, 0% Vn 
Figure A.52, 
Figure A.53 
Table 8.2:  Overview of FRT results given in Appendix A.5 
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As in the first part of the test program, the investigations are split-up into trials at 
symmetrical conditions and examinations at unsymmetrical conditions. Symmetrical 
conditions are present in test 12 and test 13 while unsymmetrical conditions are given in 
tests 14 – 17. 
8.2.1 Fault Ride Through Testing at Low Load 
Conditions 
The first case of FRT voltage breakdown is displayed in Figure 8.6 and Figure 8.7. This 
example refers to a low load voltage drop to 80 % of Vn. The first figure depicts the three-
phase voltages during the fault while the second picture illustrates the three-phase currents 
during the failure. 
It can be seen that that the FRT breakdown is initiated at 𝑡 ≅  55 s. The decay of the 
voltage amplitude to 80 % takes about 20 ms. This rather slow dynamic behavior in 
comparison to the electrical frequency itself is caused by the control approach that uses 
symmetrical components for the power converter of the electrical PHIL interface at the 1-
MW setup (see Section 7.1.1). However, the speed of decay fulfills the requirements for 
FRT testing. The voltage drop of 20 % is large enough for the wind turbine to shut down. 
This is reflected in the reaction of the currents to the voltage breakdown. 
The V52 nacelle is non-FRT-capable and is designed for a maximum voltage breakdown 
of about 10 %. The examined case therefore leads to a shut-down of the WEC at 
𝑡 ≅  195 s. The controller initiates a quick decrease of the generator currents that reach 
zero within 40 ms. The harmonics that are present during the ramping down of the currents 
result from oscillations within the filters of the four parallel power converters (see 
Section 7.1.1). It can be seen in the figure that before the fault is detected the wind turbine 
stays connected and the controller increases the amplitude of the currents that are injected 
into the power grid to maintain the same value of electrical power generation. The speed 
of fault detection depends on the severity of the specific fault (see examples below). 
Figure 8.8 and Figure 8.9 illustrate the behavior of the test bench for a FRT voltage 
breakdown to 0 % of Vn. Similar to the case before the load of the nacelle is about 20 % of 
nominal power. The breakdown to 0 V implies the highest stress both for test bench as 
well as DUT. The first figure shows that the voltage breakdown starts at 𝑡 ≅  45 s. 
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Figure 8.6:  Voltages for a symmetrical low load FRT drop to 80 % Vn 
 
Figure 8.7:  Currents for a symmetrical low load FRT drop to 80 % Vn 
Apparently, for the first 20 ms a significant reduction in the voltage amplitude only applies 
to one phase. Moreover, the reduction in amplitude only is roughly 1 3�  of Vn. At 𝑡 ≅  55 s 
the voltage amplitude of all phases falls within 5 ms to about 10 % of Vn. Within the 
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following 40 ms a decay of the remaining voltage amplitude can be observed. Clearly, 
harmonics are present that appear during the phase of voltage breakdown where all phases 
have the maximum decay (within 60 ms). While the unsymmetrical voltage breakdown 
results from the control structure of the converter system, the limit in speed of voltage 
breakdown results from the filter characteristics. Moreover, and similar to the previous 
case, harmonics appear that result from an oscillation within the filter setup. 
The depicted current significantly varies from the case of the low voltage drop which is 
illustrated above. High currents are the result of the condition of a quasi-short-circuit due 
to the very low voltage at the PCC. Therefore, a short circuit behavior of the generator is 
triggered. This leads to a tripping of the WEC’s main circuit breaker at approximately 
20 ms after the fault that extinguishes the short circuit currents in the next zero-crossing of 
each current. The high currents cause oscillations at fundamental frequency that interact 
with the voltage side. Due to limitations in the given setup the measurement transducers 
record amplitudes regarding the current which are cut at roughly 1800 A. As the generator 
is brought to a short circuit in such an extreme case of fault, the total amplitude can be 
expected to be about twice as high as the clipping amplitude of the given measurement 
system. 
The three remaining cases of a symmetrical FRT drop at low load conditions are displayed 
in Figure A.28 – Figure A.33. Figure A.28 and Figure A.29 illustrate a voltage drop to 
90 % of Vn. This case of voltage fault lies within the voltage tolerance band for the 
operation of the V52 nacelle. Therefore, the WEC stays connected to the grid. In 
accordance to what is mentioned above, the controller of the wind turbine keeps the power 
that is injected into the grid at a constant level by slightly increasing the currents. One 
phase of the currents that are depicted shows an oscillation of harmonics that overlays the 
fundamental sine wave. This effect can be observed for a range of operation points 
throughout the investigations that were carried out on the test bench. It is expected that this 
effect results from the indirect control of the FRT-filter output voltages through the current 
control at the input of the filters at the PCC in combination with the four individual control 
loops of the four parallel converters. 
Figure A.30 and Figure A.31 refer to a voltage drop to 50 % of Vn. The behavior of voltage 
and current is similar to the cases of a 80 % breakdown part of the examples above. 
However, the duration for the decay to 50 % is longer and takes about 30 ms. The increase 
of the currents is faster than for a voltage drop to 80 % since the amplitude of the currents 
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is about twice as high before the generator is ramped down. Moreover, the larger voltage 
drop leads to a faster ramping down of the generator of about 120 ms after the fault. 
 
Figure 8.8:  Voltages for a symmetrical low load FRT drop to 0 % Vn 
 
Figure 8.9:  Currents for a symmetrical low load FRT drop to 0 % Vn 
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In Figure A.32 and Figure A.33 a voltage drop to 20 % of Vn is depicted. The behavior of 
the test bench and the nacelle is similar to the previous case because the generator stays 
connected to the power grid. After a while, the injected power is ramped down. Hence, the 
duration regarding the decay of the voltage amounts to 30 ms and is identical to the case of 
a 50 % drop. The currents increase to a factor of about 2.5 before the generator reduces the 
power after about 100 ms of fault duration. 
Figure A.34 – Figure A.41 depict four unsymmetrical FRT voltage drops of different 
magnitude. A voltage breakdown to 80 % of Vn is shown in Figure A.34 as well as 
Figure A.35. The unsymmetrical voltage drop leads to a higher decrease in voltage for one 
phase in comparison to two identical voltage drops of the remaining phases. Therefore, the 
increase in current is stronger for the phase of the higher voltage breakdown than for the 
other two. In Figure A.36 and Figure A.37 a voltage drop to 50 % of Vn is considered. 
Similar, unsymmetrical behavior regarding voltage and current in comparison to the 
previous case can be observed. However, the harmonic content in the reaction of the 
currents is larger for this magnitude of voltage drop. 
A voltage breakdown to 20 % of Vn is given in Figure A.38 and Figure A.39 while the 
drop to 0 % of Vn is presented in Figure A.40 as well as in Figure A.41. The case of drop 
to 20 % of Vn is similar to the two conditions before with stronger effects of the 
unsymmetrical behavior and the harmonic contents. The last case of a voltage breakdown 
to 0 % of Vn is on one hand similar to the other cases but differs on the other hand from the 
previous examples regarding the overshoot in the behavior of the currents. 
8.2.2 Fault Ride Through Testing at Nominal 
Load Conditions 
This section focusses on FRT faults at nominal power conditions of the DUT. 
Nevertheless, the same range of FRT tests is executed in comparison to the previous 
section. Therefore, the presentation of the results is structured in a similar way. 
Figure 8.10 and Figure 8.11 depict a symmetrical voltage drop to 75 % of Vn. The voltage 
waveforms for the three phases show a fairly comparable behavior to the symmetrical 
voltage breakdown at low load conditions to 80 % of Vn. The time of decay appears to be 
invariable to the load situation as it amounts to 20 ms as well. However, the currents differ 
from the low load case significantly. This is obviously due to the fact that the high load 
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conditions force high currents that accelerate the time span until the fault is detected. On 
the one hand the shutting down of the generator occurs about 20 ms sooner than in the low 
load case. On the other hand the initial current decrease during the power reduction of the 
generator is less steep even though the overall shutdown is of similar duration. 
 
Figure 8.10:  Voltages for a symmetrical high load FRT drop to 75 % Vn 
 
Figure 8.11:  Currents for a symmetrical high load FRT drop to 75 % Vn 
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The case of an FRT fault with a voltage breakdown to 0 % of Vn is shown in Figure 8.12 
and Figure 8.13. This situation significantly differs from the low load example with a 
voltage breakdown of the same amplitude both for the voltages as well as for the currents. 
The voltage waveform does not exhibit the steep breakdown as in case of low power 
conditions. There is a constant decay of voltage amplitude that is superposed with strong 
oscillations of the fundamental frequency which are generated by the strong currents that 
are injected into the filter during the fault. The total time for voltage decay takes about 
40 ms. 
The currents of the depicted failure are the highest that appear during the given 
measurement campaign. The amplitudes clearly exceed the limitation given by the 
characteristics of the measurement chain which is installed at the test setup. Similar to the 
low power voltage breakdown the high currents lead to a tripping of the wind turbine’s 
main circuit breaker at 𝑡 ≅  85 s. Moreover, the high currents cause a shutdown of the 
power converter system of the PHIL interface. Therefore, the oscillations that can be 
observed in the current and voltage waveforms are only present at the system of generator 
and filter. As soon as the individual phase currents are extinguished in their zero-crossings 
by the circuit breaker the oscillations of the voltages stop as well. 
The remaining test cases for FRT faults at high load conditions are presented in 
Figure A.42 – Figure A.53 in Appendix A.5. The two instances which are left for the 
symmetrical high load voltage breakdown are depicted in Figure A.42 – Figure A.45. In 
Figure A.42 as well as in Figure A.43 a voltage drop to 50 % Vn is illustrated. The voltage 
decay is comparable to the low load case and reaches the voltage reference within 20 ms. 
Hence, the shape of current increase is in general comparable to the low load case but with 
the difference of the factor of about 5 for the higher load condition. However, the ramping 
down of the generator starts sooner and commences about 80 ms after the fault. 
The last remaining example of symmetrical voltage breakdown for high load conditions is 
the situation of an FRT drop to 20 % of Vn which is displayed in Figure A.44 and 
Figure A.45. The voltage waveform during the breakdown is comparable to the case for 
low loading. A decay time of about 30 ms can be noticed as well. However, the harmonic 
content is larger. This can be explained by looking at the current waveforms. A strong sine 
wave deformation can be observed as a reaction to the fault. Moreover, the main circuit 
breaker of the WEC trips – which is different to the low load situation – and the fault 
currents are cleared after about 40 ms. At this instant the oscillations that can be seen on 
the voltage side stop. 
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Figure 8.12:  Voltages for a symmetrical high load FRT drop to 0 % Vn 
 
Figure 8.13:  Currents for a symmetrical high load FRT drop to 0 % Vn 
Figure A.46 – Figure A.53 depict the reaction of the DUT to an unsymmetrical voltage 
breakdown. The case of a voltage drop to 75 % regarding Vn is illustrated in Figure A.46 
and Figure A.47. Both, the waveforms of the voltages as well as the waveforms of the 
currents are comparable to the low power case with the difference of the higher current 
142  Chapter  8 
amplitudes. A fairly stable operation state is reached before the generator is ramped down 
120 ms after the fault. 
An FRT drop to 50 % of Vn is depicted in Figure A.48 and Figure A.49. Again, the voltage 
behavior is comparable to the low power test case. Regarding the the currents the reaction 
is different. The shutdown of the generator is already initiated after 10 ms which is more 
than 100 ms sooner than in the other case. Figure A.50 and Figure A.51 show a voltage 
drop to 20 % of Vn. During the fault the currents directly exhibit a strongly distorted 
waveform. The feedback on the voltage side can be clearly recognized and appears much 
stronger than for the low load conditions. Within 30 ms the voltage amplitude reaches its 
fault value and the circuit breaker opens. Figure A.52 and Figure A.53 depict the voltage 
breakdown to 0 % of Vn. As in the previous test the circuit breaker opens and clears the 
fault. A fundamental frequency oscillation can be observed during the fault. 
8.2.3 Interpretation of the Experimental Results 
The results given in the previous sections of this chapter demonstrate the characteristics of 
the realized 1-MW test bench setup for wind turbine nacelles. Two aspects of performance 
will be investigated in the following. First, a judgment regarding the fulfillment of the 
tolerances according to the FRT voltage breakdown requirements will be done. Second, 
the behavior of the test bench in comparison to its simulation will be evaluated. 
Table 8.3 summarizes the test bench performance in generating the FRT breakdowns 
regarding dynamics and accuracy that are illustrated in this chapter. As Figure 5.1 depicts, 
within a timeframe of 20 ms the voltage drop has to reach its reference value with an 
accuracy of ± 5 % to meet the requirements of the standards. The table lists 16 FRT 
breakdowns – four different tests regarding the voltage amplitude of the drop in a range 
from 20 % to 100 % – for each possible combination of symmetrical fault and 
unsymmetrical fault at low load and high load conditions for the different voltage 
breakdown amplitudes. 
It can be seen in the table that the requirements are only fully met for low load conditions 
with a voltage drop to 80 % of Vn in case of symmetrical and unsymmetrical faults as well 
as for the unsymmetrical faults with a voltage drop to 50 % of Vn. All other tests do not 
fulfil the dynamic requirements. Except for the symmetrical faults at low and high load 
conditions for a voltage drop to 0 % of Vn the accuracy demands of the output voltage are 
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met. For the cases where the dynamic behavior is not sufficient but the accuracy of the 
voltage does fulfill the requirements given by the standards for FRT certification the 
possible gradient in voltage decrease prevents the voltage amplitude to reach its reference 
value within 20 ms. The decay time of the voltage breakdown moreover increases for 
larger voltage drops in these cases. However, for most cases the reference value is reached 
within 40 ms. 
Even though, the results of the FRT test campaign only meet the demands from the 
relevant standards for some cases, a general proof of FRT voltage breakdown generation 
based on a power electronic converter setup as part of a PHIL environment is given. 
Moreover, except for a few of the remaining cases the desired FRT drop can be generated 
with lower dynamic performance than intended. Due to the know limitations of the given 
test environment the challenging cases of high loading or high voltage drops cannot 
sufficiently be mapped with the power converter installation. Hence, an FRT-capable WEC 
would lead to an overloading in current for the semiconductor switches. 
Voltage Breakdown 
[V/Vn] 
Aspect of Performance 
Symmetrical Fault Unsymmetrical Fault 
Dynamics Accuracy Dynamics Accuracy 
Lo
w
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oa
d 
C
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di
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ns
 
80 % + + + + 
50 % – + + + 
20 % – + – + 
0 % – – – + 
H
ig
h 
Lo
ad
 
C
on
di
tio
ns
 
75 % – + – + 
50 % – + – + 
20 % – + – + 
0 % – – – + 
Table 8.3:  Evaluation of the FRT-performance of the 1-MW test bench (see [72]) 
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As an additional measure of performance the behavior of the power converter building the 
interface to the electrical real-time simulation is compared to simulation results. 
Figure 8.14 and Figure 8.15 show the simulation results for a symmetrical FRT drop to 
80 % of Vn and 0 % of Vn for low loading conditions. In the appendix Figure A.54 – 
Figure A.59 illustrate the remaining symmetrical and unsymmetrical low loading FRT 
voltage drops as simulation which is equivalent to the test cases that were done at the test 
bench setup. The simulation was realized using a model of the test bench converter setup 
that was built in the Matlab/Simulink – PLECS environment as a project outcome of the 
CWD 1-MW test bench setup process. 
The two depicted cases in Figure 8.14 and Figure 8.15 in general show similar behavior 
regarding the voltage behavior which was measured at the test bench (illustrated in 
Figure 8.6 and Figure 8.8). Nevertheless, the dynamics of the simulated power converter 
are much higher than the performance of the test bench converter. Oscillations can clearly 
be seen in both the simulated converter behavior and the test bench converter behavior. 
There are two types of oscillations that appear. First, there is an oscillation during the 
steady-state operation of the power converter. This constant oscillation on-top of the 
regular sine wave of the output’s voltage is similar for the case of the simulated PHIL 
interface and the measurements at the test bench interface. Second, there are oscillations in 
case of a change in the output’s voltage amplitude. These oscillations occur at a district 
frequency in the simulated case and seem to be a result of a resonance in the output filter. 
However, the oscillations that are present at the test bench setup do not contain such a 
clear pattern at the voltage output and contain a larger share of noise. 
Comparing the simulation and the test bench, the smaller drops in voltage faults result in a 
better matching than larger breakdowns. This can be explained with the significant 
difference that can be seen regarding the gradient of amplitude change for the simulated 
case and the test bench case. Regarding the changes in voltage amplitude higher dynamics 
are possible in the simulation. Therefore, larger voltage drops lead to larger variation 
between the two cases. This behavior is causes by the different control approaches in the 
simulation and in the test bench setup. The latter case uses a control based on symmetrical 
components (see Section 7.1.1.2). This leads to a low pass behavior regarding the dynamic 
performance of the reference signal (see Section 5.2.1.1). 
The results that are shown in this chapter verify that the approaches which were followed 
in this research project suit the purpose to build up a Multi-Physics PHIL setup for the 
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testing of WEC nacelles. As the test bench was successfully taken into operation, the 
configuration of technologies which are involved in the setup have demonstrated to serve 
for a PHIL setup to investigate WEC nacelles. 
 
Figure 8.14:  Voltages for a simulated symmetrical low load FRT drop to 80 % Vn 
 
Figure 8.15:  Voltages for a simulated symmetrical low load FRT drop to 0 % Vn 
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Moreover, a proof of concept has been done that a Multi-Physics PHIL testing 
environment which is forming a system-level nacelle test bench can be realized with the 
technical solutions available today. That on one hand includes the hardware which is 
necessary to build the PHIL interfaces but on the other hand also includes the simulator 
systems which implement the real-time simulation of all physical domains which are 
relevant for WECs. 
The measurement campaigns that were conducted on the test bench were capable of 
executing a testing program which covers most parts of the analysis that is normally done 
at in-field setups for wind turbines. Furthermore, the WEC which was investigated during 
commissioning reacted as expected to the applied testing conditions in comparison to an 
in-field setup. 
Next to the analysis of certification stress tests were done with the DUT. The range of load 
cases that was applied to the nacelle has proven the flexibility of a system-level test bench 
for WECs. Moreover, the repeatability of the test conditions could be demonstrated. With 
the use of the test bench a fine-tuning of testing parameters can be done to on one hand 
enable a very detailed investigation of specific WEC components as well as to support 
studies on the entire nacelle on the other hand. 
 
 9 DISCUSSION / REVIEW OF 
OUTCOMES 
In the following an overview of the main outcomes for each chapter of this research work 
will be given. Focus is laid on the documented achievements and the aspects that remain to 
be addressed. As it is in the nature of this publication – that describes the broad field of 
test-bench-based investigations for WECs – a wide range of physical domains and 
resulting challenges is covered. This aspect is reflected in the structure and the topics of 
the overall document. 
Chapter 1 and Chapter 2 
The first two chapters give the motivation for the conducted research on the one hand and 
introduce the technical background of wind energy on the other hand. The importance of 
wind energy for the development of renewables is indicated by its installation shares. The 
potentials for further growth emphasize this fact. Therefore, a motivation for research on 
reliability and possibilities to reduce the energy cost of WECs seems worthwhile. 
Moreover, the problems arising due to an increasing share of wind energy in the electric 
power grid are discussed. Stability issues are caused by the volatility in generation that is 
induced by wind turbines on one hand and the decreasing reserves through 
decommissioning of conventional large power plants on the other hand. Therefore, grid 
codes are defined that list requirements for WECs to support the power grid. As a result a 
need for certification of wind turbines to grid codes emerges. 
Even though the individual challenges of the various renewable power sources demand 
research efforts and technological advancements in the specific areas, system-level 
challenges and benefits always have to also be kept in mind. The combination of different 
power grids like gas, thermal, and electrical exploits numerous synergy effects. Especially, 
issues of volatility and storage capabilities suggest the interconnections of those grids. 
This task can be realized both on small distributed power level and at central, large power 
levels. 
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Chapter 3 
The third chapter summarizes the technological approaches that are used for WECs. 
Moreover, the current importance of wind energy as well as its potential in comparison to 
other kinds of renewables is pointed out. This is carried out with focus on Germany and 
Europe leading to the conclusion that for short-term and mid-term planning renewable 
electricity generation has to be based on wind energy with an additional, growing share of 
PV. Hence, the costs of electricity are depicted for chosen renewables as well as 
conventional power plants showing that renewables are competitive. However, renewables 
imply a volatile energy generation. 
With reference to wind energy the technical chain of renewable electrical power 
generation is illustrated. Wind turbines in general and the components of the WEC which 
are hosted in the nacelle, the tower, and the blades are introduced. Typical topologies for 
wind turbines are based on steel towers with a three blade rotor design. The generator 
systems that are installed today have a power converter system in combination with a DFG 
or a synchronous generator. The drive train can be equipped with a gearbox or is realized 
as a Direct Drive. A range of control stages operates the individual components and 
optimizes the overall power harvest. 
A further focus is set on the reliability of WECs. This is the key aspect to enhance the cost 
effectiveness and the grid compatibility of wind turbines. Power ranges and technological 
solutions are technical mature and available for the use in power grids. Nevertheless, 
reliability issues mainly coming from power electronic breakdowns and gearbox failures 
remain. 
Chapter 4 
In the fourth chapter the approach of HIL testing is explained. It offers advantages like 
rapid prototyping within the engineering process and can be applied for a wide range of 
technical areas. Coming from aerospace and vehicle applications, HIL testing increases 
and deserves attention in the field of electrical engineering. While the DUT is the only 
device which is present in the testing environment as real hardware, the rest is modelled in 
the real-time simulation environment. Therefore, testing can be faster at lower expenses. 
Signal-level HIL aims at control engineering. Power-level HIL interacts with the DUT 
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through a realistic scenario of the physical quantities that are interfaced. This permits the 
testing at power-level. 
The approach of multi-physics power-level HIL testing is fairly new to electrical 
engineering. It supports the testing of hardware that interacts with multiple physical 
domains. As this is valid for WECs this approach has been chosen for the test bench which 
is described in this research work. One key challenge that arises in the situation of power-
level HIL testing is the realization of the PHIL interfaces. 
Moreover, for the case of electrical engineering real-time simulation generates demands 
that can only be met using a dedicated simulation environment. Time steps in the range 
10 µs to 100 µs allow for the reliable mapping of the behavior of the electrical power grid 
and its components. Such time steps can only be realized in specialized hardware 
structures. A simulation with small time steps moreover guarantees the stability of the 
PHIL setup by keeping the feedback-delay of the DUT’s reaction into the simulation low. 
At the end of the chapter different test benches for WECs either under construction or 
already available are described. 
Chapter 5 
The present approach of testing and certification for WECs is summarized in the fifth 
chapter. An introduction to the legal framework, the requirements from regulations, and 
the certification according to standards is given. The relevant laws and guidelines 
significantly vary between countries. Certification of wind turbines is split up in 
constructional, mechanical, and electrical aspects. Regarding electrical requirements for 
WECs FRT testing is the most demanding task both for the DUT as well as for the testing 
equipment. 
Different setups for FRT testing are possible. Conventional investigation is conducted at 
in-field configurations with FRT containers that realize the voltage breakdown and are 
placed in-between the PCC of the WEC and the power grid. This procedure strongly 
depends on the weather conditions as it needs to examine all required combinations of 
FRT breakdowns. A test-bench based FRT investigation which is independent on the outer 
weather situation therefore seems promising. Moreover, on the test bench repetitive 
analyses can be conducted leading to a speed up of the testing campaign with potentially 
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less costs. Both approaches for testing are illustrated and compared. Hence, the challenges 
of the FRT-ride-though capabilities for wind turbines are listed. 
There are several variations of test-bench-based investigations of WECs. Both converter-
based voltage breakdown generation as well as container-based voltage breakdown 
generation for FRT testing is possible. Since the setting employed in this research work is 
a system-level nacelle test bench the differences to ground-level testing and in-field testing 
are pointed out. The unique features of the test benches that are built at RWTH Aachen 
University are addresses. Moreover, this chapter reflects the current situation of ground 
based WEC testing in the standards. 
Chapter 6 
The sixth chapter focusses on the interfaces that are necessary to perform power-level HIL 
investigations of an electrical domain. The grid emulator concept is introduced which is 
built by a voltage controlled interface that feeds back the current-reaction measured at the 
DUT to the real time simulation. The emulator consists of a grid simulation, a signal-level 
communication, an amplification stage, and the connection at power-level. 
Two examples of grid emulators are presented: one at low power level and one at high 
power level. As the two solutions vary significantly, a wide range of potential grid 
emulator use-cases is hereby covered. FlePS is an emulator designed for a flexible use for 
testing devices and supports power levels that allow for the testing of household 
applications. Like most grid emulators FlePS is a setup of a back-to-back converter system 
as well as an automation and control solution. The PHIL amplification stage is realized as 
a fast switching converter system with a filter configuration that allows for high dynamics 
at the output. Therefore, high harmonics that result from the grid simulation can be applied 
to the DUT. The output filter in combination with the converter system can be 
reconfigured to provide either a controlled voltage source or a controlled current source. 
High-power interfaces are a further topic of discussion. Due to the characteristics of the 
used topologies for high-power converter systems an unconventional approach for 
realizing a power converter – as it is done for FlePS – cannot be followed. This causes 
problems to achieve high dynamics with the converter system since an overrating of the 
converter system entails large additional expenses. The chapter summarizes the general 
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challenges of realizing PHIL amplification stages with the existing technological 
limitations. 
Chapter 7 
In the seventh chapter the technical characteristics of the nacelle setup at RWTH Aachen 
University are explained. The electrical, the mechanical, and the signal-level interface to 
the nacelles which are tested as well as the simulation of the electrical and the mechanical 
domains are described. 
The test bench is an example for a high-power PHIL interface setup covering multiple 
domains. Given the fact that an already existing test bench was modified, limitations in the 
freedom in design had to be considered. This applied to all domains of the PHIL 
investigation. The interaction and layout of the simulation and interface stages for all 
involved physical domains is sketched. An emphasis is laid on the electrical grid 
emulation addressing the limits in control and hardware of the given power converter 
setup. The given solution uses a parallel setup of power conversion stages to form the grid 
emulator amplification stage leading to the need for synchronization of the individual 
stages. Moreover, the simulation tasks are described. 
The chapter also covers the realization of the mechanical and the signal-level interfaces of 
the PHIL setup. That involves the wind field simulation and the aerodynamic simulation of 
the rotor as well as the load application itself. The combination of the electrical drive with 
the slave gearbox and the LAS allows for a realistic application of moments and forces 
onto the rotor hub. The signal-level interface generates the missing signals that are 
necessary for the operation of the nacelle. Yaw system, pitch system, and sensors need to 
be emulated to enable the use of the unmodified controller of the nacelle under test. 
The chapter moreover characterizes the DUT which was employed for the commissioning 
and the test setup carried out with the system-level test bench. A Vestas V52 850 kW 
nacelle was equipped with 106 sensors to conduct detailed investigation of the nacelle. 
Chapter 8 
The eighth chapter reports parts of the experimental results that were obtained with the test 
bench and the V52 nacelle during commissioning and the test campaign. The outocmes 
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which are presented are focused on the electrical behavior of test bench and the DUT but 
also give a holistic view onto the system-level nacelle test bench in service. 
At first, a typical sequence of a wind turbine’s operation including starting, ramping up of 
power, and a fault is explained. This gives a picture of the mechanical and the electrical 
PHIL domains as well as the behavior of the nacelle. The performance of the nacelle 
exhibits very similar behavior compared to the reference power curve that is provided by 
the manufacturer of the wind turbine. A maximum power of 800 kW can be observed at 
the rotor hub due to limitations in the torque application at the test bench. The LAS shows 
satisfying performance in regard to amplitude and dynamics. Moreover, benefits of the 
torque control loop that were realized within the mechanical simulation environment are 
observable. 
A proof of the capabilities of the electrical PHIL side is given by a campaign of FRT tests 
that imply the highest stress for the PHIL interface due to the power dynamic requirements 
which are implied. Therefore, a testing sequence that complies with certification 
procedures is performed on the test bench. One run is executed with the wind turbine 
being at 20 % low load level of Pn that is aiming to identify the performance of the test 
bench itself. The second run is conducted with the DUT at 95 % load level of Pn 
addressing the behavior of the WEC. 
The characteristics of the test bench verify that the approach of using power converters for 
the generation of the FRT voltage breakdown in combination with the general concept of 
the multi-level PHIL setup yields satisfactory performance. Extreme voltage breakdowns 
as well as full load conditions limit the capabilities of the setup. The V52 nacelle acts as 
expected since it disconnects for voltage drops that exceed the tolerance band for normal 
operation. 
 
 10 CONCLUSION 
This research work provides an overview and introduction to system-level nacelle testing 
of WECs exploiting a PHIL environment to emulate all physical domains which are 
present at wind turbines. This constitutes a distinct approach for WEC testing that enables 
the investigation of a fully equipped wind turbine nacelle with its unmodified original 
controller in operation on the test bench. The success of wind energy and the resulting 
change in the portfolio of power generation require a reliable and grid-supportive behavior 
of wind turbines. Certification and examination – done on test benches – seems to be a 
promising method to evaluate the conformance to those requirements. A fully controllable 
testing environment enhances the scope of research and increases the speed of analysis. 
10.1 Summary 
The content of this work illustrates the framework conditions for wind energy as well as 
the operation and the testing of wind turbines. This includes legal and regulative aspects as 
well as the current characteristics of renewable power plant topologies. Moreover, aspects 
of grid operation and stability issues are addressed. State of the art technologies 
concerning wind turbines are summarized to reveal the features of current WECs. Multi-
level PHIL testing at high power levels is a fairly unestablished procedure in electrical 
engineering. Therefore, at the Institute ACS research has been conducted and still is carried 
out regarding the development of interfaces for electrical PHIL testing. Straight from the 
beginning of the analysis, the focus has been multi-physics interfaces with first 
applications at the power-levels of households which address the challenges resulting from 
the change in the electrical power grid. Experiences that were gained in this scope of 
research supporting the design of the PHIL interface FlePS were transferred to the MW-
power-level of WEC testing. 
In a two stage test bench setup the technologies which are necessary for the realization of 
system-level nacelle testing are developed and constructed. Stage one is documented in 
this research work and serves as a 1-MW test bench setup for WEC nacelles. The results 
that are gained in stage one are used for the design and operation of the 4-MW stage two 
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test bench which is currently assembled. Stage one already includes all methods that are 
necessary to perform full Multi-Physics PHIL investigations on wind turbine nacelles. 
Moreover, stage one is meant to be a validation of the technological concept employed for 
PHIL testing in the environment of wind energy. The results confirm that the approaches 
which are followed are feasible and achieve satisfactory performance. This can be stated 
although the dynamics and the amplitudes of the electrical and the mechanical load 
application do not completely fulfill the requirements which apply to certification 
procedures for WECs. As the restrictions in load application arise from a modification of a 
previously existing test bench, a bottom-up design like stage two of the test bench will be 
able to overcome those limitations. 
Major challenges that have been identified are due to the constraints that arise from the 
available drive train test bench technology. Its use for realizing the PHIL interfaces 
deviates significantly from the tasks the technology has been optimized for. During normal 
testing procedures the controlled quantities are in a condition of quasi-steady-state and 
fairly symmetric in comparison to the fundamental frequencies of the physical domain. 
This leads to a balanced loading of the power hardware. Furthermore, control loops can be 
installed that exploit the low dynamic characteristics of the quantities that have to be 
applied at the DUT. In the design process of power hardware for PHIL interfaces these 
limitations have to be kept in mind to minimize the restriction in performance of the 
employed interface. 
The given test bench moreover illustrates the advantages of system-level testing for wind 
turbines. It has been shown that repetitive as well as stress respectively overload testing of 
WEC nacelles can be reliably executed on a test bench. Hence, a very detailed 
investigation of the behavior of the holistic nacelle on one hand but also the individual 
components on the other hand can be carried out due to the enhanced accessibility of 
ground-level testing in comparison to in-field testing. Moreover, reliability issues that 
occur in the field can be identified with a repetitive and extensive measurement campaign 
at specific conditions of investigation on the test bench that are scarcely available in the 
field. 
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10.2 Outlook 
This research work is oriented to stage one of the two stage test bench setup at the CWD 
and describes its characteristics. Major parts of the associated tasks have therefore been 
focused on designing and establishing the technologies in support to realize the electrical 
side of the PHIL environment. Moreover, a baseline study of the relevant framework 
conditions of wind energy in general and in particular test bench testing for WEC has been 
carried out. Further research in this field should be supported by the experiences, findings, 
and outcomes of the presented work. 
As direct follow-up of the work that has been conducted, stage two with a 4-MW test 
bench setup for WEC nacelles is currently under construction. One key aspect of ongoing 
research is the design of the electrical PHIL interfaces. A much larger freedom in design is 
possible as the layout of the power converter system for the PHIL interface at stage two is 
carried out bottom-up. Communication link, control, amplification stage and filter have to 
be configured to implement full compliance with standards and testing procedures. Thus, 
the use of test benches for certification is intended. In addition, an adaptation of guidelines 
to map ground testing of WEC nacelles is to be done. 
On stage two of the test bench different concepts of WECs can be compared. A detailed 
investigation of those concepts by means of repetitive testing can reveal weaknesses and 
drawbacks of the various available topologies. Thus, causes of component breakdowns 
within wind turbines appearing in the field but not on current test benches can be 
determined. 
Moreover, an examination regarding the performance of the test bench at RWTH Aachen 
University in comparison to other test benches worldwide should be carried out. The 
results probably improve the next generation of test benches. This enables an even more 
advanced design process for wind turbines and therefore supports the implementation of 
renewable energy concepts. Well developed and reliable WECs represent an important 
pillar of sustainable power generation and guarantee an electricity supply which is 
qualitatively comparable to conventional power plants. 
 
 

 A APPENDIX 
 
 
 
Figure A.1:  V52 nacelle mounted on 1-MW system-level test bench [by: CWD] 
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A.1 WIND ENERGY FUNDAMENTALS 
Since WECs harvest the generated power from the wind the kinetic energy of the moving 
molecules of air sets the maximum possible power output. This section will derive the 
maximum power harvest from the wind in dependence on wind speed as well as the 
performance of the WEC. 
 
Figure A.2:  Reference volume for wind energy content (based on [68]) 
The potential energy of a wind field strongly depends on the wind speed and can be 
described as ((A.2)) – (A.16)) according to [18] and [68]). According to Figure A.2 and 
given that the velocity of the wind is: 
𝑣 = 𝑑𝑥
𝑑𝑡
 (A.1) 
 
The mass element is: 
𝑑𝑚 =  𝜌 ∙ 𝐴 ∙ 𝑑𝑥 =  𝜌 ∙ 𝐴 ∙ 𝑣 ∙ 𝑑𝑡 (A.2) 
 
The kinetic energy follows as: 
𝑑𝑊 = 12 ∙ 𝑣2 ∙ 𝑑𝑚 = 12 ∙ 𝜌 ∙ 𝐴 ∙ 𝑣3 ∙ 𝑑𝑡 (A.3) 
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Leading to the power content of the wind: 
𝑃 =  𝑃𝑚𝑎𝑥 = 𝑑𝑊𝑑𝑡 = 12 ∙ 𝜌 ∙ 𝐴 ∙ 𝑣3 (A.4) 
 
Figure A.3 depicts the reference planes for the relevant characteristics values of the wind. 
 
Figure A.3:  Reference planes for wind energy content (based on [71]) 
It can be clearly seen that the power content of the wind crucially depends on the wind 
velocity since the influence of the wind speed is cubic. Yet, this maximum power content 
of the wind 𝑃𝑚𝑎𝑥  cannot fully be exploited. If the full power content of the wind would be 
used by stopping the molecules of the air to zero speed a backing-up of aggregated air 
molecules would overleap the WEC preventing any further power harvest. Therefore, for 
the case of the optimal power output the WEC has to realize a partial reduction of wind 
speed. 
The maximum possible power harvest 𝑃 from the wind that WECs can use equals to the 
power difference between incoming power in front the rotor and outgoing power behind 
the rotor: 
𝑃 = 𝑃1 − 𝑃2 = 12 ∙ (𝜌1 ∙ 𝐴1 ∙ 𝑣13 − 𝜌2 ∙ 𝐴2 ∙ 𝑣23) (A.5) 
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Using (A.2) this leads to: 
𝑃 = 12 ∙ �𝑑𝑚1𝑑𝑡 ∙ 𝑣12 − 𝑑𝑚2𝑑𝑡 ∙ 𝑣22� (A.6) 
 
The continuity of the air’s mass flow yields: 
𝑑𝑚1
𝑑𝑡
 =  𝑑𝑚2
𝑑𝑡
 =  𝑑𝑚0
𝑑𝑡
 (A.7) 
 
Furthermore, the air density can be regarded to be constant: 
𝜌1  =  𝜌2  =  𝜌0 =  𝜌 (A.8) 
 
The plane at the rotor is defined as reference plane: 
𝐴0  = 𝐴  (A.9) 
 
According to the assumption that the air speed 𝑣0 at the rotor of the WEC is the arithmetic 
mean of the wind speeds in front and behind the rotor plane: 
𝑣0 = 𝑣1 + 𝑣22  (A.10) 
 
Using (A.2) and (A.7) – (A.10) the output power then equals to: 
𝑃 = 12 ∙ 𝑑𝑚0𝑑𝑡 ∙ (𝑣12 − 𝑣22) = 12 ∙ 𝜌 ∙ 𝑣1 + 𝑣22 ∙ 𝐴0 ∙ (𝑣12 − 𝑣22) (A.11) 
 
The power coefficient 𝑐𝑝 is the relation of actual power  𝑃 of the rotor in comparison to 
the possible maximum power 𝑃𝑚𝑎𝑥. From (A.4) and (A.11) it follows: 
𝑐𝑝 = 𝑃𝑃𝑚𝑎𝑥 = 𝑣1 + 𝑣22 ∙ 𝑣3 ∙ (𝑣12 − 𝑣22) (A.12) 
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The velocity 𝑣 shown in Figure A.2 is equivalent to the velocity 𝑣1 in Figure A.3: 
𝑣 =  𝑣1  (A.13) 
 
Now, the power coefficient 𝑐𝑝 reads: 
𝑐𝑝 = 12 ∙ �1 + 𝑣2𝑣1� ∙ �1 − �𝑣2𝑣1�2� (A.14) 
 
Equation (A.14) is called the Betz’s law. The first order condition for a maximum of the 
function requires: 
𝑑𝑐𝑝
𝑑 �
𝑣2
𝑣1
�
= 0        ⇒         0 = 1 − 2 ∙ 𝑣2
𝑣1
− 3 ∙ �𝑣2
𝑣1
�
2
 (A.15) 
 
Since only positive results make sense in this case the solving of (A.15) leads to: 
⇒         𝑣2
𝑣1
 = 13        ⇒         𝑐𝑝,𝑚𝑎𝑥 = 0.593 (A.16) 
 
The power coefficient 𝑐𝑝,𝑚𝑎𝑥 states the natural efficiency limit for WECs (the general limit 
of the wind turbine in case the efficiency of the entire drive train would be 100 %). 
Additionally, the losses of the WEC itself further reduce the possible power harvest of a 
wind turbine. 
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A.2 WIND POWER DEVELOPMENT 
 
 
Figure A.4:  Development of renewable power in Germany (based on [27]) 
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Figure A.5:  Development of the installed European wind energy (based on [27]) 
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Generated 
Power 
/ [TWh] 
Hydro 
Power 
Wind 
Power 
Bio-
mass PV 
Geo-
therm. 
Power 
Total 
Share 
Gen. 
/ [%] 
Austria 34.2 1.9 4.5 0.2 0 40.8 55.2 
Belgium 0.2 2.3 4.7 1.2 0 8.4 9.0 
Bulgaria 2.9 0.9 0.1 0.1 0 3.9 9.8 
Cyprus 0 0.1 0 0.01 0 0.13 2.5 
Czech R. 2.0 0.4 2.7 2.2 0 7.2 10.3 
Denmark 0.02 9.8 4.4 0.02 0 14.2 38.8 
Estonia 0.03 0.4 0.8 0 0 1.2 12.6 
Finland 12.4 0.5 11.3 0.01 0 24.2 27.7 
France 44.8 12.2 5.1 2.1 0.2 65.0 12.8 
Germany 17.3 48.9 37.6 19.3 0 123.1 20.3 
Greece 4.0 3.3 0.2 0.6 0 8.1 13.0 
Hungary 0.2 0.6 1.8 0.001 0 2.7 6.4 
Ireland 0.7 4.4 0.3 0 0 5.4 19.4 
Italy 45.2 9.9 10.8 10.8 5.7 82.2 23.6 
Latvia 2.9 0.1 0.12 0 0 3.1 41.9 
Lithuania 0.5 0.5 0.2 0 0 1.1 9.6 
Luxemb. 0.1 0.1 0.1 0.03 0 0.2 3.0 
Malta 0 0 0 0 0 0 0 
Poland 2.3 3.2 7.6 0 0 13.1 8.3 
Portugal 11.5 9.2 2.9 0.3 0.2 24.1 43.6 
Romania 14.7 1.4 0.2 0.001 0 16.3 27.1 
Sweden 66.4 6.1 11.6 0.01 0 84.1 58.7 
Slovakia 3.8 0.01 0.8 0.4 0 5.0 17.0 
Slovenia 3.6 0 0.3 0.1 0 3.9 26.2 
Spain 30.6 42.4 4.5 7.4 0 86.2 30.2 
The Neth. 0.1 5.1 7.0 0.1 0 12.3 10.1 
UK 5.7 15.5 12.9 0.3 0 34.4 9.2 
EU-27 306.1 179.0 132.5 45.0 6.1 670.6 20.4 
Table A.1:  European renewable power generation in 2011(based on [27]) 
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A.3 SEMICONDUCTOR LOSSES 
 
Operational States of Semiconductor switches 
 
Figure A.6:  Qualitative losses of semiconductor devices (based on [23]) 
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Definition of Losses 
 
𝐸block = � (𝑣 ∙ 𝑖)d𝑡 ≈ 0𝑡1
𝑡0
  (A.17) 
𝐸on = � (𝑣 ∙ 𝑖)d𝑡𝑡2
𝑡1
 
𝐸cond = � (𝑣 ∙ 𝑖)d𝑡 ≈𝑡3
𝑡2
 𝑉on ∙ 𝐼on ∙ (𝑡3 − 𝑡2) 
𝐸off = � (𝑣 ∙ 𝑖)d𝑡𝑡4
𝑡3
 
 
𝐸total = 𝐸block + 𝐸on + 𝐸cond + 𝐸off  (A.18) 
 
𝑃losses = 𝐸total ∙ 𝑓switching  (A.19) 
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A.4 FLEXIBLE POWER SIMULATOR 
In this section an overview of the PCBs for the voltage and current sensors is given. 
 
Figure A.7:  FlePS Automation concept [124] 
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Figure A.8:  FlePS system states [124] 
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Figure A.9:  Low power testing Board for the  FlePS Controller [118] 
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Figure A.10:  FlePS voltage and current signal conditioning schematic [17] 
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Figure A.11:  FlePS front view with control panels 
 
 
 
Figure A.12:  FlePS back view with output converter stage 
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Figure A.13:  FlePS side with galvanic isolation transfomer 
 
 
 
Figure A.14:  FlePS side with automation installation 
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A.5 SYSTEM-LEVEL NACELLE TEST 
BENCHES 
 
1-MW SETUP 
Test Bench Schematics and Parameters 
 
 
Figure A.15:  Ground concept of the origional 1-MW converter system 
 
 
 
Figure A.16:  Ground concept of the modified 1-MW grid converter system 
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Figure A.17:  Feed-Forward simulation model 
Parameter Value 
L1 55.8 µH 
L2 150 µH 
C1 159 µF 
C2 1.330 mF 
R1 10 mΩ 
R2 10 mΩ 
R3 1.35 mΩ 
Table A.2:  Parameters of the filter simulation(equal values for phases a – c) 
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Test Bench Pictures 
 
Figure A.18:  LAS cylinders at rotor hub 
 
Figure A.19:  Motor and slave gearbox setup 
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Figure A.20:  DFG and back-to-back converter 
 
Figure A.21:  Gearbox and pitch cylinder 
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Figure A.22:  Ground controller of the nacelle 
 
Figure A.23:  PHIL simulation measurement interface setup 
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Figure A.24:  Measurement transducers at PCC 
 
Figure A.25:  Measurement transducer signal conditioning 
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Figure A.26:  PHIL converter interface 
 
Figure A.27:  DAQ-system at nacelle setup 
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Low Power Fault Ride Through Testing 
 
Figure A.28:  Voltages for a symmetrical low load FRT drop to 90 % Vn 
 
 
Figure A.29:  Voltages for a symmetrical low load FRT drop to 90 % Vn 
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Figure A.30:  Voltages for a symmetrical low load FRT drop to 50 % Vn 
 
 
Figure A.31:  Currents for a symmetrical low load FRT drop to 50 % Vn 
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Figure A.32:  Voltages for a symmetrical low load FRT drop to 20 % Vn 
 
 
Figure A.33:  Currents for a symmetrical low load FRT drop to 20 % Vn 
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Figure A.34:  Voltages for an unsymmetrical low load FRT drop to 80 % Vn 
 
 
Figure A.35:  Currents for an unsymmetrical low load FRT drop to 80 % Vn 
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Figure A.36:  Voltages for an unsymmetrical low load FRT drop to 50 % Vn 
 
 
Figure A.37:  Currents for an unsymmetrical low load FRT drop to 50 % Vn 
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Figure A.38:  Voltages for an unsymmetrical low load FRT drop to 20 % Vn 
 
 
Figure A.39:  Currents for an unsymmetrical low load FRT drop to 20 % Vn 
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Figure A.40:  Voltages for an unsymmetrical low load FRT drop to 0 % Vn 
 
 
Figure A.41:  Currents for an unsymmetrical low load FRT drop to 0 % Vn 
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Nominal Power Fault Ride Through Testing 
 
Figure A.42:  Voltages for a symmetrical high load FRT drop to 50 % Vn 
 
 
Figure A.43:  Currents for a symmetrical high load FRT drop to 50 % Vn 
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Figure A.44:  Voltages for a symmetrical high load FRT drop to 20 % Vn 
 
 
Figure A.45:  Currents for a symmetrical high load FRT drop to 20% Vn 
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Figure A.46:  Voltages for an unsymmetrical high load FRT drop to 75 % Vn 
 
 
Figure A.47:  Currents for an unsymmetrical high load FRT drop to 75 % Vn 
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Figure A.48:  Voltages for an unsymmetrical high load FRT drop to 50 % Vn 
 
 
Figure A.49:  Currents for an unsymmetrical high load FRT drop to 50% Vn 
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Figure A.50:  Voltages for an unsymmetrical high load FRT drop to 20 % Vn 
 
 
Figure A.51:  Currents for an unsymmetrical high load FRT drop to 20% Vn 
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Figure A.52:  Voltages for an unsymmetrical high load FRT drop to 0 % Vn 
 
 
Figure A.53:  Currents for an unsymmetrical high load FRT drop to 0 % Vn 
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Figure A.54:  Voltages for a simulated symmetrical low load FRT drop to 50 % Vn 
 
 
Figure A.55:  Voltages for a simulated symmetrical low load FRT drop to 20 % Vn 
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Figure A.56:  Voltages for a simulated unsymmetrical low load FRT drop to 80 % Vn 
 
 
Figure A.57:  Voltages for a simulated unsymmetrical low load FRT drop to 50 % Vn 
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Figure A.58:  Voltages for a simulated unsymmetrical low load FRT drop to 20 % Vn 
 
 
Figure A.59:  Voltages for a simulated unsymmetrical low load FRT drop to 0 % Vn 
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4-MW SETUP 
 
Figure A.60:  Rendering of the 4-MW nacelle test bench [by: CWD] [75] 
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